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ABSTRACT 


This study investigates the geomorphological impact of snow and snowmelt in a 
semiarid badiand watershed in southern Alberta, Canada. Field examinations during the 
1981-1982 snow season focussed on assessing the nature and significiance of snow 
accumulation, distribution, and snowmelt. The hydrologic character of infiltration and 
runoff is compared to that of rainfall, and is also incorporated into a comprehensive view 
of the geomorphic role of snow in badlands. 

High-velocity northwest and southwest winds predominate during winter, 
effectively redistributing the snowcover. Maximum accumulation zones include 
depression features (rills, gullies), and lee slope bases oriented north, clockwise to south. 
These areas generally experience the highest magnitude of degradation in winter, but 
differential solar radiation receipt modifies the erosion response of some slopes. 

Snowmelt episodes are initiated by chinook activity, and often result in significant 
mid-winter snow depletion and runoff. Subsurface moisture penetration is deeper under 
snowmelt than rainfall due to prolonged infiltration and sorption processes permitted by 
slow-melting snowpacks. Runoff efficiency is high, enhanced by increased material 
impermeability afforded by the formation of solid, frozen ground and surface ice layers, 
upon refreeze of meltwater in lowland areas. 

Results indicate that the pattern of snow distribution in the badlands is repetitive, 
and leads to the creation of spatial variations in the seasonal runoff and erosion regimes. 
The concept of partial source areas of runoff and sediment generation is applicable to the 
badlands in winter, during which time, zones of hydrologic and geomorphic activity 


become more highly defined than in summer. 


eas 


are in 
oe - zl ees 
ss con Te dail a 


‘ons oon se rsa conta 

| waty avignsilerqmiog’s oint etwreaneor aele at 

“oniiw oni stefinigbieng 2oriw wowntues 

‘abpulant. ¢9ri0" pellkalurtuiaos emir « whys erate 

tteoe at ealwdoeie i fiers bakin ewes del ened i ed 
rude seni minoieboryee te csr #2 tt 

eccjoly moe To Benogse Ngo ae salt 2am 


tngoltingie ALES ere: ae ahvigse cleonic chest fi ar: 
abr Tented 3 noitedtansa swuttiom san twece Sarco ith , i 
7 *t : 


yobarinrisg 2e629 3074 Aolicnoa bee noire: olgholBig ar subi Keston rer?  HerrvOne 
lairelgnt.b9se5100, v beonarng, gia 2) yorern te. jionu .. stnciyvinlatpres = 


eyevel sor agehue, bre bauerd nasa? bilge to soinolgey wate vilidesree@gerd 
ne + geht Braided ti Winwtlam to a ae r 


oi ebrialbad act. ni nadediveibh wvone ahaa alacine eflveaA ‘<o re 
: y mn tr 


eviveqes 


esmige? noize; bos Tote ia ORE 3 afiz al enoinahsy te aches 12 ‘ed? oF 2008 ; Sh 

} 4 pat a 

eriyat aids age 2! novererieg iomibge tne git epuce lite to coat, 
yiwitog ovtqromosp brs par) 19 2enos gat fisietwy grits wel atdenatiael : 


Spr saw eines 


» Jae 
= 


ACKNOWLEDGEMENTS 


| give my warmest thanks to the following people, who have provided me with 
valuable help in preparation of this thesis: 

Jim Stomp and Roger Benoit (successive Wardens of Dinosaur Provincial Park): for 
authorization to conduct this research. 

Lorne Murton and Dennis Greenling (A.E.S. - Edmonton): for use of the Murton snow 
gauges. 

Emma Sicoli-Laipneiks (U. of A.) and Barry Rennick (D.P.P.): for help in carrying the 
snow gauges into the badlands during a rainstorm. 

Lawrence Harvey and Liz Lew (U. of T.): for help in lugging them out during a heat wave. 
Peter Hof (U. of A.): for our detailed discussions on anemometers. 

George Smith (AHRC - Brooks): for providing recent meteorological records. 

Laura Smith (U. of A.): for assistance in locating obscure meteorological data. 

Lise Allard (U. of A.): for fun times with the Intergraph computer. 

Olaf Niemann (M.Sc.): for use of his overworked camera. 

Jack Chesterman and Randy Pakan (U. of A.): for PMT map reproduction. 

| also extend kind appreciation to my thesis committee members, Dr. Neil R.M. 
Seifried and Dr. Richard L. Rothwell, and especially to Dr. lan A. Campbell, my thesis 
supervisor, for his time, accessability, and valuable advice. 

Special thanks to fellow students and good friends Andrew Gambier, Jan 
Zimmer, Christine Schumacher, and Karen Grant, who have made 1983 a year to 
remember. 

Lastly, | am grateful to my family and friends in New York, Florida, and the Virginia 
environs, for their continued encouragement and support over the past few years. 

Funding for this research was provided in part by an NSERC grant awarded to Dr. 


Campbell. 


: 
i os? 


shiveAAT auaROriG 1c ano eS 


limiaanide 19,9 O} sSiriealt a 3 


oyctainp any 


wees (2ainoloroerein ties. eae oe 
os, ih wy hall ab 


sity pore? swiado —- Ho goheeangetne dh 


NAT +. freee petnmtre a> igort vert of “108 aie . 

_ ieertt yin: “lla A rel Sor Misi ah39 hrs Newton, atts 
: anivbs sidaiiev Qos .yoheoR Reus ek: 102 
oie’ saicirasa iaitinth atid # poby ote smepyta wehed or ag 
_ fot mays 888! darn svat oF wy, Ha Agha be sortatnursdn 


sirkgii\?ortitane sbi*oG.av0' dvabt otiohnt bibelemat ied dhitohngen inde 


_ a teey wet t2A9 aft vevD Negque ons temas Ue II bewunda wert so} anotune 


o St petrmwa tne AGW ne! yd Pe ni bsbivoNg Bae dareGaen ain tat. eae 


Md 


Table of Contents 


Chapter Page 
INTROBDUGTIONVANE STUB Y-AREA DESCRIPTION 22. cnc.csscarersncateats syoadese rte sxsesnrute 1 
il JustiticationvObiectivessandiScope.ot Stud verre tcc sites teeeeeee certonsvas doscnense 1 
Trl LOC at Oiprmees eamere seas ean Caer 5 ORE ane alc as cydebwedaveenvncunene aight 2 
Ie 3-GeolOgyeamcbitholOg yasmin Merete os it raantert orcs kelraecieeus ab espmecioussvaceescarereasen te ay 
Tee GeOlOCIGIISTOM cee es are eet Sareea tie teehee PERS cron pe sweessawnt ene sumrouswer te 5 
iS lopography.and Natumero feSuptace ViateGals.ce20 og rerancceostunearossdnracnsenvercseyes te 6 
1,6" ClimateanciWieatiie panes trey fart ere reer face ere ee At Pre ca ecb ca oo S 

Inet Climatic Classificationiand PheGipitationres.vw0-ccorsupic. arserekcccc.nevencvacscen ast: = 
Ure SCID OR AtU Ome, esa mratee Aare eter clever ions aes youu sem Game bomea nasrcdabc tire tale cen auy goes 11 
1 OSS. WWindrand AinmaSses-. ena meat eanatse nue an tank ows eeeesc oes ee Te 14 
TRE RS AV Vitel IS) at clearer errata ne aon te se pie SN cc BOR acai ae 14 
Tero 2 lip VlaSG1 Chan ACtemISt CS eter e tees amc aeeee ttm Ao Mavasoatne caer te 
mY OG CaCO VM rer sexe ee or eee fa caer Nec te eva ciao art ene Og en arden ne Ra tne each Zs 
BRE VIOUS RESEARCHAAND (HE ORNG sueneetncoce ceaarerse rrcar ane nct onan nels eeee vier 23a 
2.1 Snow Characteristics: Origin, Accumulation and Distribution .................:cee ee oA | 
2.1.1 Spatial Variability of Snowfall and Snow Accumulation .............:.:0e cee 23 
Zilee NOW OISTMOULION alr eC) SemiOUtiOMns cence. nee rain eu aaseneteocadeccnen seme 26 
Zea RAC NC mVObOlOG Vacteauer a mine nea omen et ha, earls eteeen Mose gee st ote ee (yaaa an 34 
2.2.1 Infiltration, Material Behaviour, and Runoff on Differing Lithologies 
UG OF Tali Tall ae eet Soe eC cone meee oe att ato ese RR APEREA OS Pac esc a steneic sie wae 34 
2.2.2 otal Watersnecpnunott: Volumes and RUNOT? Ratios .e.c..c..01-eresunaen ses 39 
Zio SNOW gh Sep paakaiceranGhemOWiMel UO RUNOU TA syicany tay sr oerearmespeeandoncabeareemereun 44 
2.3.1 Snow Disappearance as Influenced by Factors Governing Direct 
SolamRadiation, RECEID ty. cae eran te rac at ued: cons cect uinns er wunwanex sacs faoeackeih 45 
Ze nN DEC Omar dre nar oe wae ostics ae hee among Rah. sone na ee Can ieineye aeieiiie SAO 45 
ZOMG DOCU cat ae ayes aca bia ine ok weg west ese anes oh oe ate Rery clase 46 
Zuo eke SVG OCtALION aa oaevescmen: omer oaeute nea cs ac eue Dacaiatiaieee onieas dewrnien eee ar cn mclaies 48 
Poet IOC OV Gln menen sna a ran so ten tena a etonte seat tte tne ee cen neca eset So yeeens 49 
2.3.2 Snow Disappearance as Influenced by Sensible Heat Parameters ......... 50 
Pager Gh eOMPErature <a Aeneas, see cee res aeieie kee ahee sh eet RNG ad Ane ENTERS Es 0 S50 
2.0722, SUDIIMALION. ANG, EVAD OF ATOM sercnsosacs crctmctosnm manor rsginty-' sexicieenvan lens 50 


Vi 


“rie 


rerio ee ee veo ate 
gs seni Were: ola anna? saga diphts 239% wit ake ee nd ‘he 
ue 

e werent ae dpe cone Cas adr --4=0 eee does ~~ twaree pees teeter 


/ 
i a - - 7 
Bianco \ienrenetinwareptne nee ra omankad iad ques se v4 y +> <nnee de Sask somet 8 ome 


PURE IN in: 00 Ses eer __.. glerelsM S08 276 


Bice, coy a eheds pec tmterenadeesersinnnateerrss nqustlaige 9 Ste aes . _ ; 
BE cca nntes re a ee oe oe ae 
Te wssvutess he cesbtathcheteenaptn tin FoneytoShig vader see ponoe aR; £.9.! _ 
Ea ivevwnesificestenprsnnes—nhragnns seen) 9 Aine l1tDe eS yee. ih £E. ot | 
GB seep hicsouninneras-frnsee trac taneanars cay tere asthe a Faeap van vena ond / noweregeV * t 
BS ip yse cae cei hes seuee venteaier tay Wee axe’ ert geri eonasaae BUOIVERS i 


See eer AoHEIUsOSA Wie"? bee latwone <scahntedl caine. 9 
ee eer oa depart ieiosh pha cdeuddite® yong gf = 
eka a ae ee PEE Sian - NpOIOIRY powioné S 


3S 
me 

be michae nias no et? if iciaabeticha ate motavitn t.S,S 
a 
eh 


Sei <i aegae tn ntone zuiter Wanuh bes smwioY ‘pehybareiamvertestT 2.52” 
Sica sdetintcnk. Ohm Sonning Credo wont Che 


Senne? = yo chance » esr aan aoe res oo, 


14 oc tease ewes PEs l—peeseee ses seal ® Mea ot * 4408 
ja. 


ae 

BB po mempsn-tecnetctgevendensnresdinlnensopriessnenens SMA t 

Fe Te eT soegeA S.t-€.8 2 

BB ni. ese _ alibi: &s a 

02... “ iaeenonine shotena?’ yet eoonaultnt ean no Ses Trin 
’ Leal 


PE iain aed. Per eee Pe ee 


"re tye phe UR g sesame eee ene vii F 


21322:3. Ground Heat Flux, Rain-On-Snow EVents ii. cik coc eiishecccccccscccces 53 


eS Sea OVENIGI EUINIOL i sh ayy eee penn eae ee worce Pe Vee Ger 2 a 5a 
2.4 Badiand Erosional Mechanisms and the Geomorphic Role of Snow ............... 58 
2.4.1 Badland Erosional Processes under Rainfall .................cccccccececcececeeees 58 
Pee cee HOle OR Pree Zena a aii src eee cee ty kg reucwou1ceanerankel meee eens 62 
2.4.2.1 Frost Heave and Needle Ice Formation ...............ccccceceecece eee ees 64 
EE pe OG eo ACEI ltaeee tear maar Meee sae ea ene dean pee sams anaes enw SaaE 68 

2.4.3 Slope Orientation and Snow Distribution Relationships and Their 
Eftects on Badiand Erosional Regimes 6: .acccw ck ecss <ocmens os abieeewabve aioe 72 
Feta Neve SL ete Ia create cease sete a, SLI cee Sore Gyan hea, UNDO, ca ES, 79 
PE ESSYE] oo oF eta BS) gre igs oda oy dot, Pare Ste Se a gee a a geek UE 73 
ULSI SIN Acre ee Sera meee ot Ge yaa ere ee Ne ame Rae oan Bari Gee eE 80 
cot eo agS UE | alg 812 Coy | a Areas ae Ares Peak rant Co yr a oR tee A ee mn Rye a a7 
GUM NRG BOS) 8 ais S11] YR Ae he eens agate es yony ae Aros tar ee a ne eRe ee oe err es = 
Sea MIETIOdS OF VIOMEORINO SMO We ACCU atl ON eee: mace. coon, caivctiy acre parincenseudeates 98 
SA OTTO CU SUF WC Woe cote taae oh ere emer ee ee ee oe SO Ge ca NR Se ae ah mgmt sxe Sea 9g 
See FOTO TAU S Set Stic antisense AN ek ate eR ate ht scone ee el See on RO 100 


3.2.3 Methods of Calculating Snow Accumulation and Water Availability .... 102 


S-G.Visthiods Of Investigating SNOW DISIIDENION) ses. crecwsn oe «sctrwasemescconsaecraccen ees 104 
CRS LE GRECO TA NO cere ec as eren it fen ene atea test Ge tea nan ae tia Namecacc suri leand 104 
3.4 Methods of Investigating Snow Disappearance and Snowmelt Runoff ......... 105 
Saas OCA Sa DDE ANAC ae 5 ceaeerenne eo tcee Wfatetiety eee ennenc ca ccaan nar eeeena tenes 105 
eo cE h tes Mild MIRE ALEO CAIN TAUINTO uhh 3 RON tein gis taste nancy ap ncisin ewan miss Sade rhadwonb aes «ha 106 
So Siviethous ominvestigating GeOmorpMi@ ACuVItY <.ncc2c ceanann sawn conned snveeemeurases Tom 
SO ES e Fe hey MISA SUI OMISIES cer ence cere tee aes oye sea dpe re dea cnwexh mcahnse apn emake 107 
6.5.2 lndirecs Field Measur GMenes jv enconccetenecncensesacuh=nvakeacussumnusicacenscecnnene 108 
RES WE RSe5 NB DIS GUS S ION icra eaten accent Mewtinn cv cen acianaeresinmentnassabae eeavenan 111 
le STONY Nee ENTICIGRIOUL ansnia en asea eta eae coe nm haat wanes rash vidtan ete nan cben ey siieseamre 111 


4.1.1 Snowstorm Frequency, Magnitude, and Total Season Snow 
ACCUMUaTORG ARG RECO CS mcrae oar taer ee ere aur ec encanta tenet sexes baa 


4.1.2 Total Season Water Equivalent, Snow Accumulation, and Volumetric 
Runoff Potential: Snow Gauges and Extrapolated Results ...............+5 114 


Vil 


7 neces > 

eee erp eke a0 i i * ah ke TY 7 7 . 2 = > wae os : 

wv a 7 2 a : , < 3 0 ‘- 

a ‘ : oa — sy - - 
ie : 7 


eeaee, a i i spe ima ey 
a 


'. e ey Baits - ee, 

A saan seas | “at Qi tet gl ; 
5 es ars aeiannioati | 

32... or eeey ree accor thane ous banat doa?’ _, ete Ne 2 ania 7 = - J 

; ; oe ; 7 


* 


_* > Q 7 7 ; 
a 9) svyiurere peer te ce aees Pe 9 b5 PP ed lad ial . j A ~ 
| . ee wast 
: Z 74 
: ' = - : ' 
7 
- lex nba ppernean ar yekd eh eet asf 0s Ses Ure Te gaa py ead nes 0 node WIP TES : » 
= 


"wart bri adenine nomi ois 
ID’ din -itecsnees oe - om 2aruR 5h isrictk : 3 


hh cekcccectinentc dette ca iegsn haat ee X tees tt £ 
Be cide dancte stig eyseine quay twsecnnnetAAoy nh oihagensn Bien ape Siepodue S. 1 -£ ‘i 
Ba tev Sosnccrnestlgines p-se-rsaageetahent os Pees: 

Be 0 plan trans Prete nditeiumusdds er o£ 
Sor... viilideliavA 1878 pris sroiialuritiso8 wore spas owienc £5.¢ 

BARGE Bs iat aaa natn ccoeie gree eadatnte ener tn aes DE 
a or ON oa. isc reeeh ann “ne te ale aT FEE 
BOF is. sonul Hamivone bis sora weqaseitd wont ghitagHaauni te ebortal 4.6 
BEN step senccarstnge enn t A 4 ae eee Ponmmepeeie-wene 7 -4-£ 


= Trea seme mr 2 scl ah? Wage cemuoamea a8. ' 7 


BOE cx peeks cae lonwsly ches vere ARRON desert areierinaenttai3 toe 5.8.6 oe 
i Da = 7 

“pts a aweves ne dvmnibay vx-— leas oe ean se) aemenndde pes) BRS Semeeenn >t stray AONB BAA. STATES *, 7 "5 

i'l ft -“7« Forno ee PURE wees tenons tainnee44h Otoweebhe bawt +14? ee, cna ft. 6 — 4 


4.1.3 Intra-season Snow Accumulation and Runoff Potential: Snow 


SUNY CVG ner ie aslo eee ase ane ee cote eerie Ny long taioenint Teee ae punk Wocdansar seen 124 

MAGIA tetins Oo NOVAS UO UT Ola senate tees te em tenia eee tweets edanevius saadvatnn dnsa 

Wank Pernod WwaNovemper i7 to. December 317-198 4c decesetncactevsvsvseceredes 13 

om 2 2 OMlOGe Aa aniUany miatOr anita ys It/pmno 0 Lie rtcad cowssksecbsvdsvecevadevacnsoh Sus 132 

a2 2c ChOGKS walla vec tO,FebnUaryi2o a1 OGM usin Met Sees ccccncae sweat 143 

Meet POO) -COhUal eeu tOrAAPill) Gynt QOS) o..c,cvck acevnsesee-bage on kceek sae access 149 
4.2.5 Summary of 1981-1982 and Long-term Wind and Snow 

DIStRIDULON Pattennismems. our ta.c eae es ne een acn ebycsaas bonnes 152 

4.3 Snowmelt Initiation and Patterns of Snow Disappearance ..................0c0ee ee 161 

ASS CIMEMUMERANOMMG CHING Ways ee x. onateniachmntracnais tered enna cdoscceconrencueds 161 

A oc eniod: wa NOvember I. /ato.Decemben V3 196 yan sarecerrse esewe teens ees 1e2Z 

Ars eno = Jantar y> (eto Vanuanyil sa, 1 SG2 acccnee awergecstuesekeeescaneae meaes 166 

Aro uwenod Se Januarya tito Pebruary 200 1 S82 - ince eetnea eco s saw tensavceces tees 166 

A SOL enlOO Mire Dittian Vez MOPADM tem IO G2 cen uvsct east sane enmemackuueaueer eos 174 

4.4 Meltwater Penetration ana Runoff During Two Major Chinook Intervals ...... 178 

44. SUDSURFace Mieltwaten PEN ALON s, .¢2-asarsenvscntseemncoraevecessesaeienee neces 178 

Le oLe 27 FAUSIG) li peer aea einer: cnt cia Utes eee ee eee tee en ee meen eR ec Miatdy erste GROTON S 189 

4-5 The Geomorphie Role of Snow, Ice, and SNOWMEeElt <....00.... scenes cess: secasesenees 197 


4.5.1 Freeze Thaw: Ice Formation, Frost Heave, and Preferential Erosion ... 198 


NSN CUETO SLO bee fee dene ne ener eee ee rae oe Re ace oP eee ea tr teem 205 
4.5.3 Basa! Slope Erosion, Mass Movement, and Other Forms of Slope 

DGMUIGAU Geran tnaue es. namee ae cement eateniviticence onus dents Seintdemaurtinee ae emns ab weal 205 

AO SecinientEr@SlOMm ane air alnSDOlU maces aarecctsncasascusn see ch eee rav on cepele Rene See 22 

BE SCUMMARIOR RESULT SCAND ICONELU SION Saris cena. cee cers. ne acomecnctereaateneans 226 

SO UPMIMan VEO Ta © SUIES te cr cecn ee neve enema este ltteer nek anan Saeco ent eee enna ieee 226 

SO DOME CC UNI AUION octet meme mena tecetaer eatin renee ear cyimse remem cain Rates 226 

Sle eaVMING and ohOuviISUMIDULI OI tweet eteaneatecaccnsmet tom vedhacscernacnmencamars cso sme 226 

Ryne ees ROOT IOAV UI TCR Urea cle gts oa re oe caren ce cans eee clare ee ee crs ec nee oe ee ed 

eee CEU EY EI Cicantl Otlieaaem vcs cmenitar este nome eye eaten ten cca cir cian cern tate eect ON eircishsc Minton nancies 227 

Rid SETI tse teh anians Ata hce teen tees es Gere Maman eamitlel Gn eMac silacacee ECU eR cnae ameMpe ce 228 

Er Gr SOMO MOO GY cana ace etme canto cess ose s an eau nr eae wawaeeenraainan ene<omcans ane 228 


ed ithe) 


: 
4 i a = 


r oe 


nee dg eoiaaeiintient 


= a a ee : 
ede ae vane ies 


Radha aaiiwes see 1seT 2 te a rts: 


ser. nhs nee aot etal qadawamgeeessnngdas ! 4 er — 
oS Paper eee , Sper 8 yn a — 


7) eee ee one Leen ope! Bienes 


iv 


Sar aseee ond es Slee De ee en 


BEE Csccacrasoabneceeetacennse 2 BOT Bt Yotneoed a VP ane dhe 
BYE secdevssedassieens-nernegee vhs. SOI Cr ysaungl ont wrens. Rborstest 
BPE ssa tease tte “ger do vonindator 8) Gaunel £beneT see 
BOD 2 calpocaneeiressatee Dio kn eee Saat A lngh ot 1 Sagano sgoles 8: bp 
BY? ou. dlevisint soonD aM e ew phi Hom hag nontenare reas alg Bb 
BO cs cagtavensesay: ecg etonagecertmnsnsest One t> agiterrend? ete waisivians Pumane 1 be 
@S! .... wert es eae ae ee Nihal &- a. 

. BEE oc, «nap sinde canny reese sr ete femjone nis al word 2 taste tshaenchea ae 
‘er a hoige rd laitnenaten4 brie ave dan vil dShartie VeobiwertT sago 23 rs 


&. @ 


BOS ooccccnr cates ea REET kv! de). miten alee Acro sci 5,2 


eae to nes er rer ae Talal eunaty ote na 


=i eure) See"? Pra s'é “rte #* stg) se F ad 


|) ie A scindta rattan sea A= Tae Hi HE ben” 

A __ apc amap pM avean omnes 

BO aces itises (veel ne ae a ee _.. theo ysmunud t.2 ““€ 
+ NI acabeerps deanery -adeech ire eecttmnc it ita en SL a ‘so 


= 
iF ; : 
WE. .caknngstinnep a tee Kane de Oe aF we ee tnseses 6 ce ee™ eee rTirsy iit oe Le taereeron’. 6.1.8 is 
' ei 
> > 
< 7 i 7 ' 7 re 7 7 
on'th Urbs y dae 1 1un ser Timesrprleneds™? | Pa et ee ee vgn: 3 -* ; " 
7 : - » - ° +" ry : 
' F co 5 : ' ; ts 
F: ¢. Se Terry i eee Semaahasen! jab sannmss C ta. Z \ : 
i i ’ (1. @,@ Wir 
ae es ee ee nN _ 
7 i ae 3 > 


yeas CONCIUSIOMS. cooks tence ce Roe en Le ee Melee tines? een Nie Sem racmatsaaesmlbatnene re 230 


DC LEL ONC Satter trryc men err morn pute Sia tein cen ene meena eee RENO Aca N Reae satin iAas asat oaaiys shes ots 202 
Appendix A : Mean Monthly Wind Speeds and Wind Frequency Percentage at Brooks 

Aan SrOOKS: Abin Ceo tanlOM Sima tent. .yuactsen ecysemmer a me oacen nen ie on atl eeu nara tealn a soe mete mt 245 
Appendix B : Slope Angle Values Surveyed in the Sub-basins. oo... eee eee ees .. 249 
Appendix C : Station Names Corresponding to Letter Denotations and Water 

ECUIVAlSIRURV aU SOT EIOUG Kt Cire yen re renunatentr eee tcs ciehecrrwneiedliocauperdoutanaia wy oemubniescievances - 250 
ADB eHndROD iO SAESnOWeSUnVeV Data Beeate: amet ver acote as pospnis ddnu arabe canedoeanonaniaenns 20 
Appendix E : Wind Data for Brooks AHRC : 1981-1982 Winter Season. .................. 254 
Append bomeauy Gatnolgwiaos Of Viarchel 5, VO8 2 oes kescasearanccgaatey obeusesd-amnecanesaoaceaGnas 250 
AppendimG {PainediSlope Angle: IVieasurementSi 0 cece. nace secrenen. pacbcomaes oo Meumedewb an raceast 256 


Bacar << 


St iB t tar oG a. 


= tene aoe »@ @; 
ree en acote nea bee th Porat vive, 7 ™ 


ella me: 


pl cea 
+. sr qenes cdoiig p nerecra ah aa as bg’ 


BRED vcs navedere divi comegtasnaterbere Leases eae 
= | ee ee i iweee Perea dsiecot 


‘ i 
» 
‘ 
' 
- 
i= 
Ve 
iby 
ry - 
” 
e 
» } = 
l - 
q } ast a 
‘ 7 
7 - z 
tv 
st 
7 f 
} 


List of Tables 


Table Page 
igeie RRECIDItAtOnN Data Om BEOOKSIS tatlOnSi-emess a teres. cee tee eens hens noosnehstatacescaceets 10 
ine) Precipitation Data iron SrOOKs ArInCw 1903519600 oie anssctcetssaetateautaececshaetietes 12 
173. Temperature Data For. Brooks AHRG 1 GSS SS OR vescc ccc cs csesanegseeidaessceascesoeecees 13 
eae Mean-Annualwyind Frequency Frercentage tr. carssasessndse shes tderee eu cedaeeessesaieteen es 16 
Toe MeamAnniial- Wind. Speedin. ae. Pe cere ete eden eat ott inden: 18 
2.1. Variability Of Snowfall Accumulation Among Brooks Stations During Selected 

SHOW StOnMGuote | GGule 1 OG Oe eee ee ee ee Se et ix Oe nee ee rae Seti ecw de aasiiites 25 
2.2. Summary Of Factors Influencing Snowfall Variability And Post-fall Snow 
Redistibutiondn iherrairies (Three Spatialtscales)sssisesasnsaee tacstaeies stored se ee ne isa eeeen sh ekss os 
2.5. Myarologic Data For Nine Summer Rainstorms OF 1981-1982: Ai ic2.2.i-teeececenyes: 40 


4.1. Daily And Monthly Snowfall And Water Equivalent Values (AHRC), Plus Chinook 
Days: SCcunmNG WUnINGeNes 1S le 1G S22ocnoweseasOntsacannice neater ree eae tec sues: he 


4.2. Mean Monthly And Mean Annual Snowfall Recorded At The AHRC For Twelve 
Snow Seasons Versus Monthly And Total Snowfall Recorded At The AHRC For The 
TIS AOS LPONOVW HO CaSO s ome ncaee com erie a eee ee tetera cc) Ce mare ab eiue Baar, codes nehenae ee 


4.3. Murton Gauge Snow / Water Equivalents And Cumulative Snow / Water Equivalents 
Of Murton Gauges And The AHRC: December 12, 1981 To March 15, 1982.............. 116 


4.4. Snow Accumulation And Water Availability In The Sub-Basins And Main 
VvatershediHomliiabeesonOWrourveys © f W198 Zacseesor cnn dncsre vot ieee ina eee nescstededdcee es 125 


4.5. Wind Direction And Snow Accumulation During 59 Snowfall Periods From 
NO VelIDeliali/aal OSALtO Vist Cin Oulrw 1. G2 tee eieaaa te nacre iasne cs staveeranieee anak atacecten ns eeesacni ike 18 


4.6. Wind Direction And Maximum Speed During All 1981-1982 Snowfalls Of 
STEEL ee eee reer ee setae Saree er erat ON ES get ant MINNA i ale Raa ul DISSE EAS 159 


4.7. Densities Of Snowpacks Established At Sope Bases Of Varying Aspects, 
VICI 2 eNOS Leterme tema cence ects, chen ORT al yea ees wemeee prota isa Mictobeaaneuatte mate adc era steiewabcloniar Ava, 


4.8. Maximum Moisture Penetration Depths For Various Lithologies Under Average 
RalnStOrmsevVier SUS? SMOVNIG | comets oer aaah aces eee whereas tees Seach ana ae nv rarer enucnas' suacleevioutaneae 188 


4.9. Flume Stage Height At Various Intervals Within The Last 53 Hours Of 
Chanel imunoet turing he February, (O82 Chimook PEMOd a. ca. caeetincare-vouecr ne esenn SIS) 


An Ommesuits Ofolope Angle Data AnalySiS mw merc soceucee asic a-ri1) tox 0 seca curiaa sacagisiep nsecteirine 218 


4.11. Comparison Of Suspended Sediment Samples From A Spring Rainstorm 
VEESUS SHO WIMEIURUNG Ties eneaiee oo. ons vel searn tile ch sate we vreaahah mateietslre ake Suan ents dapat wee emere oer: 222 


Bh mane 

“ee , 
ot RY an 

| tare 
at .. ic 


iabteind ert sels tore agnamiag 


os Sees ae wns te neem apentver 


BS il: ajree ees f a 
a SBR ie fe: o-oo £5 
| seoarta eu" ee waaay treleviugs sideiecaloa bee ca 
i a er ae con jy frases! WCE 
aviawT aoa anata srT sé Sem re foul Sh 
or asa fein panera hate a pueanee Wane 
eT Wax ee a OS Pao a gt “ yy Ad Ee Dee wine sger-t 
2 nies sota’dy | word: st elas ‘ora oguad) nonuM 
arr. ‘cael at dinsMoniaer.st pete tinaae 2a Dror vO 
wr ay 5 mes ont mi pomahorras. wore . 
ish Oe caste on acta 
(4 


ine esore\ he veme"Ge 2 commu Wo DOW, wo buW 2b © 
Ge! os... re iow of (eer vf F wanerea 


1 orelidiwon?, seQr- “1 BP} Sachin pane Rr SI On neitae HAW i 


meaner) baled (O.eeen 2 yon Laan vanes Vs 
RoR, csbavsanvi ST foeM 


as genet yoo sch ialal eu) 18 ee mae orn ee 
tO Beers me seh arth cnc stu V IA Trier ess 
BRET scare taab =2 hui pares toga seat et orn 


| en eres Teeny oe eevee, ShylaeeoRsett eign sqele 10 emuaeF i 


mictatsh ere? Aon corcne2 aia WncewwmamoD Mth 
1, eee | a bareneetoy: axe 


5 


List of Figures 


Figure Page 
1.1. Study area and sub-basin locations within the main watershed. ...............ccccec cece ee ees 3 
ip2= Sunticial Geology of the mainiwatarstiecsere-c:5. sy seise oetsee lease ee eee ee ii 
ipceevVineFOse ctaGtalms.'On Or OOkSeAMMGr | SO Or NSO Osea. sssccsern ey taeaaee en pareeaeer 15 
rea DIC Lose Clagiains (ol ShOOKS, H9OOn SOO mero sdatmce ssn aseawa tern wetedareesuecan es he) 
1.5. Percentage range of variation between percentage frequencies at AHRC and 

BOOK SiStatiOns: syetetana: sae prunes ener eee ere en er SAM Secwniticns wbneaiataewaedinmee 16 
1.6. Percentage range of variation between wind speeds at AHRC and Brooks 

Sat O MS erect ee tect Gen amie Seemed ate paw ke MOLES eon Man tn SR ca ne INee BEOM Nick saceuianen sch yased cae cnemna shades 18 
levee Viegetalion| map: Of tiemain, Watershed) .. ssas-tssnes aeese sees qa cccantn-orcisae an neelacesten eek 22 
2.1. Mean annual snow accumulation in southern Alberta. (after Longley, 1972). ......... 25 
2.2. Precipitation versus total discharge for nine summer rainstorms of 

BS Sil 21 OB 2 eapeprreae re renee heise Lene aa eee Senet Gk Aoebeeed Launcio tnt cote clBma de eke iGadens 42 
Cems lopenailurermonraclavsStOneSlOOe Ulta. sea. ac tetnaenns sss sees taeme nose aaiswenhamenvanaionc res 63 
2.4. Relict collapse scar in a sandstone unit of a lithologically-integrated slope............. 63 
3.1. Sub-basin histograms plotting slope angle against slope frequency. .................666 81 
Soe Nelathvessub-basinysizes ama Orjientatlomsnas..ate a. ache ficcc a gcc ca cin esac cuncngeUaecnlecetmnce 82 
Dos AchialignotograbhronMsubsbasincks steak tare sretek, trices erent on eae cee nunsnck 83 
S-4 Contoummapiotcubsbasineciere.sriskictmaren ieee a eee oes Reaee Cate eons aca ve ctes 83 
3 Ou NOE mIOGinWeStVIEW OilSUO 7DASIN Aseencenseeteee nese eens ee wentiacenen eeeaetnae eek: 84 
Sion Northsactviewsor SUD basiniox muses. ware eet mane a ee ee hh sin one nacraisrace sawoameet 85 
Ga > Achial baOtograp iro tesub- basin 2 mementos tee eee naan cer ees Sanaa. Sods ea ewe 88 
GEO OMG Uipima ORO ASU OAS teie sc. ee oe eee ares et ec esate ee nee erm aia nea) ccna 89 
Seo 2 Nomineastiview rots SUbsbaSin Z.atca ee Pome Meme ea cee ney sewed cee ae. aR aeolian 90 
GmC me SOULMESOULIVEST VIEW Ol SUD sD aS 2c rtrae cathe encirarine(ds cna aclane a tiacceauncmemacaans Sa 
3.11. South view of the relatively flat upper surface of sub-basin Z. ..............: cece eee 93 
Sa. Aerial nOortogiranh Of Suib=DaSing ys, Sirnnuecnt mira tie duet an cceatenc cee eee cave dae cone anmenlencenacl G5 
Gal Sm. GONntoula map rei nSUO-DASIiy Vs cee..cc amen ee meme ae oe eet one eR meee a Bing tam omarmeeent tere sn 95 
324.0 NOMM-AOmneaSt VIEW Of SUDSDASIN:, Vc gat macseaceencbienn menace cloinas tere wslesieleiesas oncloeasurinas yee 96 
ee Se SOUT AW SSIS ILO WSUD TOAS IIA iat ang ese asain anna oxatpainyasntss Onsmaiinaas teu ducakimeneuesieseer 97 


XI 


a 


hb aqugever ano yeitetans Jherletatew nintn 


av +6 (geubiik cn kwkane nied Svar eng aah ree 62 bo hth 7 von 
WE tev 


By ye ot év=n08 a, ROD AGM FF lal : 
7 f : ea a sir 


ae... (AF@! weighed tenth), spac rnetuee 


net 
vee Se ea pik ped 


to abi cabin agTRere oN 
cf... yA ha dat he ieee «neve ee ike’ aot taeeoe sop are ew! 


68). sates “pape RL ae F i ir anorebnne 
NB Wireaprorsves Lo vausunen! ofp torunde, otgris vecemearmace tee 


| nt ee | " 
oe ade 5: /Acagedlscink +i gall, Diego eee ~ jsp Yo ti I 
En Neale Sf ese due Yo wesly saweien tng 
Ome SE rr eS " diebaesicusie a 

ME Di cajnzoryen nents Moa prosnntcie gee ees ok oS Rlelgerduie Vo cae gon ore tesa, 58 . 
ic haya foes nettenet tne Stnet ome  masdecun Yo geen “wesinor be 

ee | JS vicad+dun to wan teen ee. 7 
Mis ceiles Bho Os eoetictenre dor __ id a wa eae ; 
Ee. eviseone ete MRSS TO S06 }5UD vwcipunelatlanrea(t No. wer evo ee 


o ’ i 2 
4 ; 
) fas estivies=3 phe Baueied indies eRe ave ves <ites'sihsd79e ng lh Age eee ye taidiiie sarapen usted 
. ; 
: 


S60... Murtonisnow gauigervand/alter shield in:subsbasinY senttsree-csce- cs. 00- te sonde wesc cannes eee 


4.1. Mean monthly snow accumulation at the AHRC for twelve snow seasons 
(1969-1970 to 1980-1981) versus monthly snow accumulation at the 


Art CiOrimon! Oo. aloe .SMOWrSCaSONh sateen rarest sero tert widect ciate opt cocersapi lev ve kaise eS) 
4.2. Cummulative snow/ water equivalents of 1981-1982: Murton gauges 

INOVeCiOcsVidiod.o) anc Ain CANOVA a) Go IVigVii7 jos ieterratswe a mncilase ten atin coon aan serecchecen'en ley, 
eae NOG Vic WO te SUD cDaslh cts uncer nas: we Ne ome ee eee eee ct eat imc ea penance nce ces fag 
4.4. Southwest view of the main watershed and arrival of the Arctic front................ 119 
4.5. Mean annual snow/ water equivalents for stations in southeastern Alberta. ......... iZ2 
4648 East. viewrorr tne main watershed on Maronin Gi 19S Bere oe, ona sosccnsaweenecnecanmes 128 
4.7. East (same) view of the main watershed on March 15, 1982. .......... cence 128 
4.8. Uniformly-distributed shallow snowcover in sub-basin Z.................ceceeeeeeeeeeeees 133 


4.9. Micro-scale, streamlined snow deposits on the northwest sides of claystone 
ACC AEC Sten ret enact ae eee areca ates eaten Sedna otee Rem NG Rane lara meaaioia bie SASS rene aera Baas elaine 134 


4.10. Strong west winds of January 13-14, 1982 permit substantial snow 
deposition tothe ee side Orns Claystome slope im SUD-Dasin) % aca t.ceereece esd ncve ree esoe: 136 


4.11. Transverse-oriented west winds of January 13-14 remove snow from 

interfluves of this north-facing claystone slope (sb-Z), while depositing it within 

AGHACe IVE tilliShamire |S tmeec cute. aren nese tee ene so trcroe amet Seco mutie vont ise aetna ear e ne staeees ods ews 
4.12. North winds of January 14-15 compact blowing snow into rills of this 

windward- and north-facing sandstone slope (sb-Y), while removing it from 

SIMOO UMINCOlMUVE St. edehuernsacnds wdsnon sunlit eevee code e sera eeRu aya tuelc ating on cas casmwa ne these pest accutane EY, 
A altmmcadoasinuel ea O1eSuO-DASIN. OliJanlany MlGpal oO O2 gancece oretccrnsnecy eee memrenna nd 133 
4.14. Knife-edged crest of a sandstone slope in sub-basin Y on January 16, 1982..... cs) 


4.15. Hoodoo in sub-basin Y showing maximum snow redistribution on the 
SOU facing lane (Janval ya Ga OG 2) eer cere see Ore ee renee tice sas suottnnelond oma neeeroneste os artins 140 


4.16. Vegetation clumps stabilize blowing snow that would otherwise be removed 
from this flat, relatively smooth pediment surface (January 16, 1982). ...............eeeeee, 140 


4.17. This northwest-trending, flat-floored coulee was a primary source area for 
ShSWere moval DVawInG(JanUarVinl Oma Oe) rer scat mncteepanielaaeemece nue reaceas xiv csreledneaientcioatsearct 141 


4.18. Footprints entrenched 6.0 to 7.0 cm into a 10.0 cm snowcover on January 14, 
1982 were transformed into 3.0 to 4.0 cm raised prints by the action of northwest 


UUIIAGIS sy enna er ARMA T eei ners PI, SA ow Ley, Cachan a inne Ce ea adnes HOun Stbe bath Meaalonatnadat 141 
4.19. Basal region of this south-facing slope forming the northeast rim of sb-X 

hetalns approximatelvia O cm of Snow OMamtlanyel Opel OO 2e cave sa.ea6. tek ves~ocslertenenn ses 142 
4.20. Northeast view of the lower basin of sb-X on January 17, 1982............:.:6ee 142 


4.21. Southwest winds of January 26, 1982 created a snow cornice in the headwall 
region of this northeast-facing surface hollow Of SUD-bDaSIN X.. ..........ceceeee serene ee ee eee es 145 


4.22. South-facing headwall slope of sub-basin X retains a large snow accumulation 
despite changes in effective Wind VElIOCITY............cccceceeseceeeceeeecneenenseneu cence eens enenenens 145 


xi 


: art dies pdds eat lereees 


TT oe Gh agbeeieriser=-+se' ibe a4 hae 


err Vo es wt eee pie vert erreewedianrres® 


ie ; WK 


v1 z 
oTn ‘weg 


7 ‘ loop rediaaeee eee ramen Y¥ 


eee pore f poses ' i ef 


cconsne eee ager 


ogres semen Ml guinharem 7 


eee ir ‘Kieeardin toe ion 


BEE ceccesinr eevee BOTA OFT 75 eae a F : 
GEE cn MA metawerttvos mi sinq)pane “ah emialeviupe waasw \ wore inure reo ab 
BET cccccccerets cetera ed SEEM no tertaveton ramen ett Yo wolv 3383 ae 
EE i ccipcu-setinsirs sin ni MF EH pirat he pote wn ener ant woly lone) ted ee 
BEE vinexvcssts nto Ws) Sra oh ou TUB E T nec venta wolliite bestudinteitr-ylerro tir) bce 
art) a) hab ttt atic cepa ee etl 


i a 
; BES uaa ioe 


US i 


aequay nor so) 


ere" Yo ames > vist wag 37 
pede leh eh al Pes eeeteere FRI: 


= 


| gd pawees) (hd OF™ i *) ‘ 
bhlis vee’: 7 ayer Vat S5¢! vy +s! yeu. 76 eoriw teew grave. oD > : 
BREE suevsbinnnvs. Y Mead-tue7i ogi anotzyse ait to sbie 661 8F7 67 notte me 7 


me? wohe varie sie (yisuadl hqcetienvet taew baInehorneevedeyT ‘T 
pensai bf meray saat ouiw ase) eu ie eboeishinic Latest" att to aevul 7 
ee 2 dienrets Wit 


aan YoRoae Were few Md Jogguae EL al ¥ "7 We eheiw rio! sts 
mort 1 tale alli guia (Gs) ae ge sonata 24h frot bra “bower . 
agvultratrn Mtoe nia - 


VET. «vewwe eens, pes be RPTL GET oF a etVeore wet bps siwoabele 
‘ee! RD alee vc. tie oan) rT Vee fismorshid 107 cate reac aot ‘era 
> sal 


Get ..(SeSt .Or pavesl noV ances sucts Sr otzenat @ 1a Tears bepbenstint te ; 
| ee vn | acer nbet-dur a coboot af Ee 


agit nae sibs) \\ 
Bp Vans Petes hettonen ne 


Oe Aeeneiawew tage “ereess ere i 
} 


ea omaha | ee Chseey pacs wiht, er aMvOrd aR aye eenrens Sree 
een ee a) gf vgankl) coat ue tasrnmwy Wes heopd nde: 


= vr Hawes _— my baovy GOO. 08 raottre}t {tiie etzewtir on eutT car 


TRAP ccrzey 3G) Bf yweunel) brrw a 
at gir avarwore Me 0.0" 2 o7ounne-G,5 4 0.0 mations uns giningioo7? Sth 

i . 70 _ wien al fol ig BaaliEH IAD . hor. _ omni viable arew 
eee ee a er eee obi gewreds eed Wess OU tem ae 
Anda to min femweiment 36 grin? agit griustrives ant Fo no 

gar opi fepea® edwaWliCeet re we beets it hie “et VR. no wien forms OF viata en a 


SBT ilevicrscesesinn eel FT yabunal, do -Xnkke bo orga Yewval att To weeiy resartrio .¢ 


: peor soles Hens 4 Soteets SOOT OS yrounat to-cbrew runt a ‘ 
ad | wees igen Wr Adie os = ye i) ee ant HARD he La) Wotton emetue:  panalersibiaeat tee fir o1 


riltalarmsioa worm Wem & eni8PEn X ie toe Lontoat-rituo® SS 
ant siyvkin ait a Pe ee Ld : pet es : fe ; 
. os 


a. er “al 


4.23. Cross-section through a northwest-southeast-trending lee snow drift on 


SOG Ula Vb en Oo oper renee acne Cena nnee mer acereGen i mane seat Grin reo Ontos mance smesanoeanehl 147 
iro. Sanostone slope in.subsbasin x oni-ebruary 21, 1963. sets secs cade ieisteveen cess 150 
4.25. Oriented snow drifts formed behind clumps of sage and long grass by 
ExtremelvistwmonG NOmtuIWwest wits OF (Mancha seme OG Zena saps de eseocetuce sansa sete. 150 
4.26. Wind rose diagrams for Brooks AHRC: 1981-1982 winter season. ................. 153 
4.27. Characteristic seasonal pattern of lee slope snow redistribution under 

high-velocity Arctic frontal and chinook winds of south-central Alberta. .................00. 156 
A726. ice layemin.themain channelinear the basin Outlet. 5.2226 eee tee ei nace wes ee crers 16S 
4.29. Close-up view of a hole excavated into primary channel ice. ................cccceeee ees 163 
4.30. North view of sb-X under cloudy conditions at 10:00 a.m., December 12, 

Mes atl ee ene erence Naar erate gee Ch Scie ohare Mis aeuaiarae ride Mine a tric case re Rete CURE GN le es cath aGNE ae 164 
4.31. North view of sb-X under sunny conditions at 2:30 p.m., December 12, 

SO erence eaten ee ee act sity oh ate Sci carr acton Ne tec maereates Stas ites icra cenelae ahaa rate nota dente ease ac 164 
4.32. Preferential solar radiation melt on a south-facing sandstone slope in sb-Y on 
DESembDGlenlie OO he eee. Se Rr ee rs ere oh MAS SA Naess see pase 165 
4.33. Radiation melt on arilled, south-facing 47° compact claystone slope in sb-X..... 167 
4.34. Mid-winter peripheral radiation melt of a snowpack on a south-facing, 

aggre gatermantied clayStomersiopenitsh= 4. seen cere ee teeters coe eter. Se eed eee eek vince 167 
4.35. Snow depletion on south-facing claystone slopes of the lower basin of 

Seer Ne re ee ae Rie ses Id MeN ae eee ea PELs omnes ts eb cach eainstae ne Pecos 169 
4.36. West view of sub-basin X showing snow depletion patterns on February 

URS AIAS Epes ok he ee 8. Aas fare anc ORE bs aT a ne ee 169 
4.37. West view of snow depletion patterns in a vegetation-lined gulley 

Gh Pro eee ol AWS). 05 a Senn Rae ane ieee aE Geert ce Ct Seer. ee ace coer ean er Rene fog ee eee 170 
4.38. Rill ice on a north-facing, integrated sandstone SIOPEe. .......... cece cece ee eee eeee eee ee es EA 
A230 MRL iGeconran Sast-tacind ClayStOne SiODe. vce eran census eesmnene a naveeee ene ac ens ckeee seat A 


4.40. North-facing, stepped claystone slope retains near-saturated snowpacks on 
ChewMia sSOpemtreaciana DaSal FECQIOMM sn. latra eh centre te oe mee ect coe teeta Mee haenue css none SPAS 


4.41. Southeast view of snow depletion patterns in sub-basin X on March 14, 


Bee F aa eee Bate Aint vs ke oto arene vielen ancora mon Race chau ate ine Ricrack Gc ach apne Aor peas) 
4.43. West-southwest view of snow depletion in the lower basin of sb-Z on March 

182, SUS IS Bie ee ene eer ere ir Te eee re ery oy fens eh, Seen Pn eee ee er ee ree 176 
4.44. Flat-lying, meltwater-saturated, desiccated claystone pediment on March 14, 

Hee) NM Set RNC re Yet EES ON Aceh Ram, Sere wh det omen nase Ne he cblereun xis mtn alien amenaa ween oie 180 
Bea SUSU LACE VIEWWIOT FIGULe G4), soi were tne ae Or cette s set eitaasleatte vavean Bet en ire csesinnieneen 180 
4.46. Meltwater penetration in a compact, flat-lying claystone unit in sb-Z. ............6-. 181 


Xill 


oar granwodse)© dished awe yee a® 


Se wet ered been .fipeese TeMin Saei- -| Ber : 


BOT iiicanceescnm screen ee VT “ehoclev-tigit 
Bee Le owed is arora 5 «OM mest’ ah 8 rina ria wet ak wo wa: BS 


esi viaeearr re ee emiiorr te, 


av 


RT... 


aul ¢s (eo eeq be Ve ee j Srinp-<iive ie beu@a- > 4c phere” aes Wane 11) r Ste ineei ue? 
- 


C8 sp ahs _ aavee es se a0 tages i Perth En thie iY 
ay eet ees eee Sele 


s cobs eee eee reser 


oatraerl eepeanger 


7 a , - é = : 
ladtyes vind veh a r ter eafeeoene cancer os vr 
he Ba 7 


‘ 7 Le. pes elie ee sates BRB! WS nae , 
O8t ..1... Pes Sink . met ae aes 


AE POT aS Sa 


baci = diigiba one aadte 28 town 
In artao-nioe #0 ) conve Jonrioesr 


Ae a 
- Lccionaed arciny WOLD isthetipgos scaceeieilkeebnincotaseat ie 
: Pr » hen 


J a4 LA, ce er ieee oq) Crea tees phergeeer dsiat Pan 


DE bf bai yninea VeRO K-de to Wai Ano » 


ay? eorev bee Es o¥ghs 190 Cobre alla 


Sh wdntsces 


vb Sie Pewee: bi wh sae hotel t gee eisecet= pei eyed: 


ipeiy ee tine weioe lneyere ¢ & 
ie one? dh a~4e enometan Fhe “REP = 


~clerttude Lepilrt @ my. Pact naterneh 
JaficaPWUle S00 VORII ORS 5 to gare centric Weyer ahead wisterioee ea 

Sodio voote Drotenels GANS Seam: 
ag conde AOR i ges isc tener Eb 


Ne es nu eds onovecus#e ouital atte 


UV) yee: Poa Cheer ae) Ot 


, Seda fl stigls ahora ete Joe. 1s NW Or 


a WEG Teva | ati W wrci 


agree ne Vey FEY ee vie ee er ed vee * io erry oe peewee: »X eile ote a 
¥ vabincie"i no wey mages Si) yun =Qngy a 4, rahe oa Yovwniv vines Gh 
news Cie eolgavewe to lat © — 
pation | aici Dens f GN) ae arog Pouee oo9 wow te ‘ea Te aah ae } 
? ewes me ' gee” “- ‘ CL Le a #4 an! 49 aarmat omy) Rap * my + pees +soet>\Pre* 2 a 
A Pe ae Se / agipie anofepbier wate tain groove one ne aol “a r 


euxerlz snoleypls er oe tiem me cone WA Re 


fem Uf 


1 ectanie are ee yore) Leary fet age yoot-rinel eS 
we ve OPM 12 9agie-him oft 
i 


se 


veaeee ‘a! 


erat Aisha wont to wely veewrtiuoe The 


ada ivu ee eh eee 


ei SS 7 no xX one Ae 
om) 


‘ : tt 
bit anal no sine gaea ol} emeae cg ie sn vce ‘ 
Suaneeete sce . o® ogee fit ee yee ed kee ge oe be or Ry Hiliniin ded lerwathegerts 


fpaliye. 5 -e Fo. mand Lakes arty ni tic idiecaaer eich irs 


\ ht Hone he Trernio as ‘Aiidaied i i a a orient A 


= ie i wp he tae rage eS <peatingy ge abonpp con aitinres ear 
Ue 


ee i _ar ered ween sa 


4.47. Surface sealing of an aggregate-mantled claystone slope convexity................. 181 
4.48. Water from melting rill ice flows over a low-angled claystone slope................ 183 


4.49. Cross-sectional diagram of meltwater penetration in arill of a 
partially-aisagaregated.claystone Slope i ic. . conc ee asape coe eas da wee erates feds sadwealsee -casdonee 184 


4.50. Water from melting rill ice on a north-facing sandstone slope penetrates rill 
FIAT DIS 2 1a AIL SILI Ey he) UN cae th tne I a ah eg hed» 2-2 185 


4.51. Melting snowpack saturates the weathering rind of a north-facing sandstone 
TLiEs 2 Sees teeta getter lg nop ce aN SAP aR na en Ome RRRS erga oY Tar RUSE TOT ena PRE Rl rey a SOS Se erie 185 


4.52. Snowmelt penetration on a grass-covered terrace composed of silty 
ee Sg wot Sy | aren sts at etre cen Se AOU ey PR Reena eh gee OS J arch a RR eg ape onor ener 187 


4.53. Meltwater penetrates 9.0 cm into the silty-clay soil of this vegetated gully 


Han RNIGC ALEC Oral! UDDEG DN cic e SUE Ee eccentrics 187 
4.54. High temperatures towards the end of the major chinook period of February, 

ROSE OC WARE FOIE SIIO IIIS 0 oc eee ge gs eS ne WB, ena en ee 1830 
4.55. Meltwater ponding on a low-lying claystone pediment near sb-Z................20.08 190 
4.56. Concentrated meltwater flow etched a rill and dendritic micro-rills into this 
SEMANA NICS DO CHINIGIN tect deh ena ees as oe enter e  Rieda em wich opine dninaw once Saas Sine ‘2 
4.57. Shallow pipeflow at the base of a claystone SIODE. ........ 0... cece cece cence ence ee ene ibs Fes 
4.58. Snowmelt runoff flows through the flume at the main channel outlet................ 3 
4.59. Ice-crystal marks on a compact, desiccated claystone SIOPe. ..............eee eee ee ee 
4.60. Oriented ice-crystal marks on a sandstone interfluve in Sb-Y..........ccececeee cence ees es 
4.6 1s Mic-wimer BrOSION ON a SAanagstone Slope. oes aw hassle Sens anetuchewensoaees 200 
4.62. Small, subsurface ice lenses form in the frozen, saturated sides of this 

em dere Ret oy Betray: #9 | Wh ee atten Sadeet dea hee. Cavers eos OTE Pm AE tien 2e OE re i ar Oe ee de 202 
4.63. Melting ice in the head region of a shallow rill atop a slightly-inclined, 

BHO EGalesriatitied! ClayStONne SISDe Gr OSs cog cae has neces ewes eqs cuserbebeidoracevacecnes 204 
4.64. Ice marks are indicative of freeze-thaw loosening in this rill. ................ccee eee 204 
4.65. Strong southwest chinook winds deposit sediment on the windward-facing 

Plae NG Oe LUN St COLIN IIE ENCINO Sisal Sn cian gawnmmnmenenee sess uaeuk 206 
4.66. Basal slope oversteepening by fluvial UNdercuttiNg. .......... ccc eee eee e eee eee ee teens 207 
4.67. Basal degradation on a west-facing, disaggregated and rilled claystone 

CS F8) Bey a He ea a a an er re era on SP re ee er ee ee 209 
4.68. Melting of a mid-slope snowpack at the base of an east-facing siltstone nO 
PRT ee ede tee De cc att Se ce eter ee ae ca et SO SS Se ad a sea 2 


4.69. Peripheral melting of a basal snowpack initiates material weakening and _ 
detachment on a north-facing Claystone SIOPE. «oo... coc ccccons re neene rte eeentdeecnsenewneneon sss 210 


4.70. Peripheral melting of a snowpack on the northeast-facing flank of a 
Vecetanon- ined quily 1 SDs2. ca. - nw cnas vogue sous Sane wentc ox cine an sxwendsnien > =bb ne See nneua viwcune ness a> 211 


XIV 


ie ee oo we? is 


— las rare my 
ee hee is ke 


ee? tam Yo me pd, aio bank extent 16:2) ‘a 
7 = a . 


a iy eon wc 


i 
BY sccm Sake =e oa 
1y | 


7 th gatarrennc: Sey anesatines & 


aer -~ yt ieeweenee Pree ata Loerie eet erst patent. wr rt 1) y 


saiheraense gaia Pi @ é _ twit pi isilneceal 


wpb eahd evs Chr es Regret heli aon rhs o® rer ee Bayer te vebua® 


| to beroqnad 2aeIeT nominnartoung aire foitattonae tenmwant 
A Te: oseceheeranat* iuanaine rer et abass beh ben tee suseweweerls fe oe a 


. sings ei ov i ees | 
TOS eens aioe erinaeS jecle ae serene wow ato 


te. ene eupiahi ‘aml eit “? ne i- pero : 
oet Weer eit i ee =. : 7) woh seer OO tae cast 7 


DO eesecestenvsr nomen srche WeQn santos Geiategee uaaeae ¢ne grinned versvtieM ate 


iat crew all-city Sees et Leite — epee nets iEMnOD aah . 
UE acs svuev sumed auavuannesvans rape ebomme sin 204004 Aniprnitzeg Decstor OA, 7 
i) 


BABY vaya veveviegean resins checeeeaey shies PORN anoteyela Acasa daisy eee cae 
rl 


BBY ccc socceenccee RROD TOEHIES THEI ary is aot ott gel awewl? ‘rors slenrwvarte 


BET ce sherk pincer jacels escte yes Ser one SeQTID BNI diearA eteyro-es) one 


oe : “ 

BOT | saauaes sess nei cera va WotR ean if er atabnag #O DMNA Keewra-eni betNeNnd . ; 
1° 

WS Fokeneuiesss tedoisas Oc cucevaese cannes cae, GOT SASS B FN2 agieoos wtriw-piM 18a 


i Ve 2eKia. nerninate regs jor aia aii atic saca Meme Soa 
Sos .. any eds eaves? (ae dete ee iF we 8 eee ' Prey ** 71 PoE) Ce ss. ith enetegels dallit-eo) a i 


clint deal 6 vote a white 6 Teegige Bett ent’ ct oo) QritisM an 
POG vane snn n= cons 7 yeaa oe anoteyate beltrnenr sisQegge 


| ee ere Te ie et of pe nsedat weit-eroag ts evilszin as qatar eat oad 


_ aah shi AO Iarri-sz ee yee Joceuie Teena gnene CBR 5 
Si Auk bore? ee Rea were deritrea ts Owl F comet i 
bf >. See bak dhovdanneines banriias sgemrgy yen TW e CAwnigasawVO waate teow | 08D 


agate hie — ne nil renee snsoer sicoaa Be secre oe ven fan 


~ pore roa ane ealiod 5 aantinds «omg washer 010 ein eb 


san diets 


arya tea sew eoen Te ereate ny >?) 9” PryeTy tinal safeveeeseeee 


oh sseeedinieesesi’ veloaeha eaiteied oo aecapee to 


See tess ehsrp sw eteres ada hoes ta 44 


spas of CRE AEC VOTE 8 

> Fags os ae ha pad wth reas nace TD Bi 
0 7 a 1 : / . 
So | | vin 
© airs = _— : — 7 , : 


4.71. Peripheral melting of a snowpack on an east-facing claystone slope. ............... 22 


4.72. Mid- and upper-slope snowpacks on an east-facing claystone slope near 


sbeZioemenatemmoisturesweakenedtagqnegqates: ames yeesactsc res eae asnsrsorsvaceSewaiecctaeseseee te 214 
4.73. Snowmelt infiltration into a north-facing vegetation-mantled claystone slope 

results in the collapse of a section of the moisture-weakened overhang..................... AAS) 
4.74. Sediment deposition beneath a slip-off slope near the main channel outlet. ....... 223 


4.75. Sediment accumulation and ripple formation in a straight reach of the main 
CHIC Meee ie 4 IRR, LOR POE eeay, eee sete rei ete reer a cot occ AE a scan oon tae oo, 223 


XV 


ns 
so wo ry _ 
ah me 
: a 


14 


1. INTRODUCTION AND STUDY AREA DESCRIPTION 


1.1 Justification, Objectives, and Scope of Study 

Within the last decade, an increasing number of studies have focussed on the 
geomorphic processes operating in badiands. Improvements in design of instrumentation 
and advances in research techniques now allow very detailed measurements and analysis 
of materials, sediment movement, and runoff. As a result, an increased understanding of 
the nature and relationships between badland hydrology and geomorphology has been 
gained. However, because rainfall is the dominant agent initiating geomorphic activity in 
badlands, little attention has been paid to the effects of snow accumulation, distribution, 
and snowmelt. This iack of knowledge Is partly due to the fact that measurement of 
Various snowcover parameters !s an arduous task, often complicated by unfavourable 
weather conditions. 

This thesis is an investigation of snowcover and snowmelt characteristics in a 
badland environment. The major objective of the study is the assessment of the degree to 
which snow and snowmelt influence the form and geomorphic behaviour of badlands. 
Some speculative work on the effects of snow and snowmelt suggests these range from 
profound (Schumm, 1956; Schumm and Lusby, 1963; Schumm, 1964; Campbell, 1974; 
1981; Hogg, 1978; Hodges and Bryan, 1982) to virtually nil (Barendregt and Ongley, 
1979), but a lack of comprehensive winter and early spring field data has prevented 
rigorous examination of the processes initiated by snow. 

To formulate a theory on the role and importance of snow to badland 
geomorphology, a number of objectives were developed, and investigated during the 
1981-1982 field season. The first, and perhaps most significant consideration involved 
the estimation of the amount of potential meltwater available to the badlands during winter, 
and determining if this water was adequate to initiate erosional activity. This was 
investigated in the field by measuring snow accumulation. Another important emphasis 
was in defining the location of this potential meltwater, or, the spatial distribution of the 
snowcover. Additional attention was given to the methods and patterns of snowmelt 
activity; how it melts, how much melts, and how rapidly potential meltwater is introduced 


into the system. Finally, information on snowmelt infiltration and runoff characteristics 
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was collected to determine the hydrologic behaviour of meltwater during winter. 

Three approaches were followed. Firstly, field observations and measurements 
were conducted during the 1981-1982 winter season, to collect information on the 
short-term geomorphic response in the Alberta badlands. For this examination, direct 
physical measurements of snow accumulation and distribution are supplemented with the 
use Of photographs and field descriptions. The geomorphic implications of mid-winter 
and spring snowfall and snowmelt episodes occurring during the field season are 
examinea and discussed, and the importance of freeze-thaw processes, material 
hydration / dehydration sequences, water availability and retention properties of surface 
materials is investigated. Secondly, these results are compared to long-term 
meteorological data, to assess the representativeness of field observations, for purposes 
of theorizing future as well as past geomorphic development. In addition, short-term 
results are compared to known hydrologic and geomorphic responses in the Alberta 
badlands which occur under rainfall. Finally, comparisons are made in terms of total water 
available to the catchment, subsurface infiltration depth, mechanisms involved in sediment 
entrainment, and, to a lesser extent, erosion and volumetric runoff estimates. 
Considerations of short-term observations, long-term data analysis, and comparisons 
between snowfall and rainfall together give a better understanding of winter and early 


spring hydrologic and geomorphic activity occurring in the Alberta badlands. 


1.2 Location 

Badland topography, characterized by a sparsely vegetated maze of highly erodible 
ravines (often called coulees) and gullies comprises a major physiographic unit of 
approximately 800 km? (Campbell, 1974) along the margins of the Red Deer River in 
southern Alberta. The study area consists of three small sub-basins contained within a 
larger, 0.336 km? ephemeral watershed which lies in a natural preserve region in the 
badlands of Dinosaur Provincial Park (Figure 1.1). The main watershed is located 1 km 
south of the Red Deer River and is partly accessible by vehicle via a 3.2 km loop road 


originating near the Park headquarters. 
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Figure 1.1. Study area and sub—basin locations within the main watershed. 


yo ss 
a 


| ?. 
ae 
at 


1.3 Geology and Lithology 

The Red Deer River badlands are chiefly composed of shales and sandstones of 
the Upper Cretaceous Belly River Group. Although extensive badlands have formed in the 
Bearpaw and Oldman Formations of this Group, only the latter outcrops in Dinosaur Park. 
Here, the Red Deer River is entrenched 100 m below the prairie surface, widely exposing 
the near-horizontal layers of the Oldman Formation.! Shale units vary from pale yellow 
(5Y8/3 by the Revised Standard Soil Color Chart (1970)) to dark brown (10YR3/ 3), but 
are typically light greenish grey (5G7/ 1 and 7.5GY7/ 1), and rather soft and non-fissile. 
They are commonly bentonitic and contain a high montmorillonite clay content which 
evokes material expansion upon wetting, and contraction upon drying (referred to as the 
shrink / swel! phenomena). llite and chlorite clay minerals are also present, as is quartz and 
small calcareous nodules. Because of a general lack of internal structure, Russell and 
Landes (1940), suggested the term claystone, rather than shale. The classification is 
appropriate, but should be expanded to include larger grain-sized siltstones, and the 
slightly indurated argillites also represented in the Formation. 

Sandstone units vary in colour from greyish white (N8/ 10) to dull reddish and 
greyish brown (7.5R5/ 3), but are mainly light grey or greyish yellow (7.5Y8/ 1). While 
they are often highly indurated and massive in structure, a good portion are lenticular, 
cross-laminated, cross-bedded, or cross-stratified, and display current and ripple marks 
(Powers, 1931 ; Russell and Landes, 1940). Most units are lithified with calcium 
carbonate, but cementation by siderite is also present (Faulkner, 1970), accounting for the 
reddish brown coijour of some layers. Arkosic sandstones are common in the Formation, 
and likewise display a reddish discolouration. The ‘typical’ sandstone is fine-grained, often 
containing silt-size particles and montmorillonite clay. As quartz grains and calcareous 
cement are major constituents, the designation arg///aceous ca/careous-quartz \s 
proposed as an overall prefixal modifier for the sandstones embodied within the Oldman 
Formation. 

Claystone / sandstone boundaries are ordinarily distinct, but finely interstratified or 
gradationally obscured in some areas. In addition, sandstone units are often intercallated 


with thin clay or silt bands, and fossilized dinosaur bones are widely distributed. Massive 


1Also known as the Judith River Formation. 
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claystones also display silt and sandy-silt layers, as well as foliated selenite crystals and 
fine bands of amorphous selenite usually less than 1cm in thickness. Both sandstone and 
claystone units are repeatedly broken by ironstone beds up to 10 cm or more in thickness, 
which demonstrate blocky fracture. These units are likewise interrupted by ironstone 
concretions and siderite nodules. Discontinuous coal seams are encountered towards the 


upper part of the Oldman strata, and add to the colour and complexity of this Formation. 


1.4 Geologic History 

Age-dating of the Oldman Formation reveals the rocks to be approximately 65 to 
70 million years old, and fossil examination confirms a non-marine origin. These terrestrial 
deposits coincide with the withdraw! of aLate Cretaceous inland sea (Byrne and Favolden, 
1959), and orogenic uplift to the west. Lakes, freshwater swamps, and lagoons 
dominated the landscape, providing a depositional environment now seen in the massive 
claystone rock exposures. Sandstone sediments, derived from streams and rivers, have 
internal structures reflecting both overbank and channel deposits (Dodson, 1970). Lying 
conformably above the Oldman Formation are the younger marine shales of the Bearpaw 
Formation. As freshwater organisms are found in the above and underlying strata, the 
Bearpaw is considered aresult of a brief, final advance of the brackish sea (Byrne and 
Favolden, 1959). 

Continental sediment accumulation continued for 30 to 35 million years until 
wide-scale degradational processes commenced 25 million years B.P., due to regional 
uplifting and tilting of the interior landscape (Beaty, 1976). The Pleistocene Epoch, 
Wisconsin-Stage glacial advances periodically covered southern Alberta from 
approximately 70,000 to 12,000 years B.P., leaving behind a thin mantle of till over most 
of the prairie surface. Along with other major rivers in Alberta, the Red Deer experienced 
rapid, postglacially-initiated downcutting, exposing the easily eroded Oldman Formation 


and creating badlands. 
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1.5 Topography and Nature of Surface Materials 

The study area contains a diverse, yet typical display of badland relief features. 
The contrast of steeply sloping scarps and mesas, flat-lying micro-pediments, and 
numerous winding dry channels contributes to the intensely dissected appearance of the 
terrain. Claystone slopes constitute a large portion of the main basin topography, 
especially near its mouth (Figure 1.2). Longitudinal slope profiles are usually convex 
towards the upper portion and may grade into arectilinear form farther downslope. 
Crests or sub-basin divides are often fairly flat or rounded. 

Two primary surface textures are recognized on claystone slopes under dry 
conditions. The first consists of a compacted regolith, highly broken by desiccation 
cracks, and more commonly found on the middle to lower sections of steep slopes, or on 
lower-angled slopes that contain a large percentage of silt and sand-sized particles. The 
second is a loose and friable regolith of puffy clay aggregates collectively referred to as 
popcorn shale, and is formed by repeated hydration/ dehydration sequences interacting 
with the shrink / swell ability of montmorillonite clay. The regolith varies in thickness, and 
attains maximum depths of about 20 cm atop flat unvegetated claystone surfaces. 
Shallow rills are etched into some slopes, but are absent on others. When present, they 
are spaced between broad, and rounded interfluves. 

Sandstone slopes characteristically show concave or rectilinear long profiles, with 
sharp, knife-edged crests. These slopes are almost always densely and deeply rilled. 
Massive sandstones develop a surficial weathering rind of a few millimetres in thickness 
which is loosely adhered in some places, to the unaltered bedrock beneath. Sandstones 
are found throughout the watershed, but especially towards the north-central and 
northwestern sections of the basin (Figure 1.2). 

Slopes of homogeneous lithology and profile uniformity are rare. When present, 
they are often seen as low-elevation residual! mounds or inselberg-type features. Most 
macro-slope profiles are interrupted by micro-cliffs, or exhibit micro-faceted or stepped 
slope faces. These slope disruptions frequently occur on claystone units which possess 
subtle changes in particle size or mineralogical content (Bryan et a/., 1978). Colour 


variations are also associated with these compositional changes. 
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Slope ‘breaks’ are not only encountered on units of similar but slightly varying 
lithology, but also, at contact planes between differing units. For example, claystone 
slopes often become oversteepened where overlain by a more resistant material such as 
sandstone or ironstone (Campbell, 1970), and sharp breaks occur where steep sandstone 
slopes grade onto the rounded crest of a claystone unit. Hard ironstone beds may 
produce dramatic slope breaks where the overlying softer materials retreat more rapidly. 
Although the underlying stratum may also be weak, blocky and spheroidal ironstone 
fragments can protectively armour these slopes, creating complex slope profiles. Many 
of these cross-slope ledges serve as natural pathways for animal and human traffic and 
form ideal areas for preferential snow accumulation. 

Evidence of subsurface piping networks is seen surficially in the form of 
‘plowholes' and pipe outlets that appear on both sandstone and claystone slopes, though 
more prevalently on the latter. Pipe diameters range in size from a few millimetres to 
several metres (Bryan et a/., 1978), and conduits are often partially exposed due to 
overburden collapse. Although pipe development, network mapping, and runoff 
characteristics are well described (Rubey, 19628; Buckham and Cockfield, 1950; Fletcher 
et a/., 1954; Brown, 1962; Mears, 1963; Parker, 1964; Heede, 1971; Jones, 1971; 
Atkinson, 1978), comparatively little research has been conducted in the semiarid 
environment or on pipes developed in bedrock (Gerson, 1971; Bryan et a/., 1978) ? 

Other topographic features of the study basin include miniature pediments and 
fine-grained bahadas and alluvial fans, all of which are littered or embedded with mineral, 
rock, and fossil fragments. Vertical rock pillars or 'hoodoos’ are widely distributed and 
are created where protective cappings overlie weaker material. Cap rocks usually consist 
of ironstone, but highly indurated sandstones, granite glacial erratics, or fossilized bones 


are also utilized. 


2A further brief description of the hydrological significance of pipes will be outlined in the 
Bad/land Hydrology section of Chapter 3. 
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1.6 Climate and Weather 

Essential to the development of a generalized concept relating snowfall! to 
erosional processes of a given region, is a knowledge of the characteristic winter weather 
patterns. Before this can be done, it is necessary to separate and evaluate the role of 
individual elements such as precipitation, temperature and wind. This step, which involves 
the interpretation of long-term meteorological data is important in studies in which actual 
field observation time is short. This section therefore reviews some of the pertinent 
average climatic data obtained from nearby meteorological stations and other sources. 


More detailed discussion on the variable interrelationships will be given in Chapter 2. 


1.6.1 Climatic Classification and Precipitation 

The study area, along with most of southern Alberta, falls into the semiarid BSk 
category of the well-known Koppen climatic classification. According to Longley (1968; 
1972), the region receives little precipitation with total mean annual values between 300 
to 325 mm. However, analysis of figures taken from five locations in the Brooks (35 km 
southwest of Dinosaur Park) vicinity (Table 1.1) for periods varying between 10 and 27 
years, shows a slightly higher combined average annual precipitation (351.8 mm), with all 
stations recording over 335 mm. Spatial variations in the amount of annual snowfall, 
rainfall and total precipitation received within southern Alberta are recognized, and are 
also apparent among the Table 1.1 values of the Brooks stations. In addition, the amount 
of precipitation recorded by neighbouring stations during individual rain and snowstorms 
often differs. Reasons for these spatial patterns are numerous, and will be discussed in 
detail in Chapter 2. 

Regardless of these differences in recorded precipitation amounts, the figures are 
relatively close and provide a good indication of expected precipitation for the study area. 
The average mean annual rainfall for the five stations is 252.6 mm, and the average mean 
annual snowfall amounts to 99.2 mm of water (Table 1.1). Comparison of the regional 
average values reveals that 28.2%, or more than one-fourth of the total annual 
precipitation falls in the form of snow. Although some potential meltwater losses occur 
through sublimation and evaporation, this percentage figure indicates a potentially 


important erosional agent which should not, as it so often is, be casually ignored. 
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TABLE 1.1. PRECIPITATION DATA FOR BROOKS STATIONS. 


Station Name Brooks AHRC Brooks Brooks | Brooks North One Tree Average 
* Code # ] 3 2 3 2 - 


Location 50°33'N 50°35'N 50°34'N 50°37'N 50°38'N - 
1119S) 'w 111°S4'w 111°S4'w 111°S3'wW egy 


Elevation (m) 758 755 758 159 737 = 


Mean Annual 
Rainfall (mm) 


a ee ee 
Mean Annual 


Snow/Water 96.6 114.2 104.2 Sime S)Bh 55) 99r2 


Equivalent (mm) 
Se ee ee ee ee ee 2 ME Pe = 


Mean Annual 
Precipitation (mm) 


335105 379.4 345.0 349.) 350.1 351.8 


—--—_—_—_—_———————————————— ee 


Standard Deviation 
of Mean Annual 83.5 77.8 112.8 86.6 67.8 - 


Precipitation 


Codes: 1: Data calculated for 27 years. 
2: Data calculated for 15 to 19 years. 
3: Data calculated for 10 to 14 years. 


Data Source: Canadian Climate Normals: Precipitation 1951-1980. Vol. 3, Environment Canada, 
1982. 
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Because the Alberta Horticultural Research Centre (AHRC) is designated a 
first-class meteorological station, and has a more adequate set of records than the other 
Brooks stations, most of the climatic data used is from this station. Mean monthiy 
precipitation values, calculated for the AHRC over a 27-year period (Table 1.2) show that 
most rain falls between May and September, with peak concentration occurring in June. 
Monthly snow accumulation is generally erratic, but average maximum quantities are 
received in December and January, during which 42.3% of the total average annual 
snowfall is generated. Similar to the combined Brooks station average of 28.2%, the 


AHRC shows that 28.8% of the total annual precipitation falls as snow. 


1.6.2 Temperature 

The study region has a mean daily temperature of 3.8°C (Table 1.3). Short, warm 
summers alternate with long, cold winters, resulting in a high annual temperature range. 
Tne mean daily maximum temperature during July, the hottest month, is 26.2°C, and the 
mean daily minimum temperature during the coldest month, January, is -19.7°C. Hence, an 
annual average maximum temperature range of close to 46°C is typical of the area. The 
extreme maximum temperature of 40°C and the extreme minimum temperature of -47.8°C 
gives aresuiting extreme range of 87.8°C. This exemplifies the annual temperature 
variation which may be experienced in this continental climate. 

In conjunction with a large mean annual temperature range, southeastern Alberta 
also shows the highest daily temperature range in all the prairie provinces. This is mainly 
attributed to humidity as a function of location, whereby the relatively dry and less cloudy 
air to the lee side of the Rocky Mountains is more quickly and efficiently heated during the 
day, and easily cooled at night (Longley, 1972). This condition is certainly observed in the 
badlands, where light-coloured sandstones and near-white pediments and alluvial fans 
refiect a high percentage of incoming shortwave radiation, raising daytime air 
temperatures above those of the surrounding prairie. As aresult, summertime peak 
temperatures over 50°C have been witnessed on occasion within the Dinosaur badlands 


(personal communication, Park Naturalist, August, 198 1). 
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1.6.3 Wind and Airmasses 

Wind and its components of direction and velocity are particularly important to this 
research because they influence the initial sites of snow accumulation and its subsequent 
redistribution. The seasonal repetition of wind characteristics interacting with surface 
roughness factors of topography and vegetation determines a reoccurring preferential 
distribution of snow, and therefore of potential meltwater. A close inspection of regional 
and smaller-scale wind patterns and their affects will be made, though only regional wind 


data and airmass characteristics are examined here. 


1.6.3.1 Wind Data 

Average annual wind directional frequency and mean velocity for the AHRC and 
Brooks stations are shown on wind rose diagrams (Figure 1.3 and Figure 1.4.). Both sets 
of diagrams are relevant though differences between the stations are evident. Possible 
causes for these variations are considered before discussion of observed patterns. 
Frequency distribution roses (Figures 1.3a and 1.4a) differ most noticeably in north, 
northwest, and southeast directions, with the latter showing the highest magnitude of 
variation’ (52%) (Table 1.4 and Figure 1.5). The most probable explanation is that the wind 
roses represent average values from successive-year periods (i.e., AHRC from 1955 to 
1966; Brooks from 1966 to 1980) as opposed to simultaneous periods. Differences in 
instrumentation design, calibration, and precision may also partly add to the inter-station 
variations. 

The most obvious difference between the mean annual wind speed diagrams 
(Figures 1.3b and 1.4b), is that velocities at the AHRC (Figure 1.3b) are generally slightly 
higher than those of the Brooks station (Figure 1.4b). This is true in five (N/E, SW, W, 
NW) of the eight directions depicted and is particularly noticeable in the northwest and 
southwest directions. In addition to the reasons cited above, anemometer height may also 
be a factor. Both anemometers are located in open, unobstructed areas which exhibit 
similar surface roughness characteristics, but the AHRC instrument is 3.3 metres higher 
than that at Brooks (13.4 m versus 10.1 m). Wind velocities in lower 300 metres of the 


atmosphere generally vary logarithmically with increasing altitude (Bagnold, 1941, 


sThis value is obtained by dividing the absolute difference between station annual 
frequency percentages by the mean percentage. 
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Figure 1.3. Wind rose diagrams for Brooks AHRC: 1955-1966. 


Data Source: Canadian Climate Normals: Wind 1955-1972. Vol. 3, Environment Canada, 
1975. 
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Figure 1.4. Wind rose diagrams for Brooks: 1966-1980. 


Data Source: Canadian Climate Normals: Wind 1951-1980. Vol. 5, Environment Canada, 
1982; 
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TABLE 1.4. 


Wind 
Direction 


NW 


Data Sources: 


MEAN ANNUAL WIND FREQUENCY PERCENTAGE. 


Station 


AHRC: 1955-1966 Brooks: 1966-1980 


16 In 
8 9 
5 5 

17 10 

16 16 

14 17 
8 2 

16 20 


Canadian Normals: Wind 1955-1972. 
Vol. 3, Environment Canada, 1975. 
Canadian Climate Normals: Wind 
1951-1980. Vol. 5, Environment 
Canadaeni9o2. 


Figure 1.5. Percentage range of variation between percentage frequencies at AHRC and 


Brooks stations. 


Volkovitskaya and Mashkova, 1965; Justus, 1978; and others), thus this relationship may 
partly account for the higher wind speed recordings at the AHRC. Given the 3.3-metre 
elevation difference between station anemometers, J-Tec Associates, Inc. (1978) show 
that there may be as much as a 10% variation between wind velocity recordings. Also, 
because "...the magnitude of speed fluctuations is proportional to the average or mean 
speed...” (Kind, 1981, p. 339), relatively stronger winds are likely to show greater 
variations than lower-velocity winds. Indeed, the stronger winds originating from 
northern, counterclockwise to southwestern directions vary in percentage range between 
stations by from 14.5% (southwest) to 26.9% (north), whereas winds from northeastern 
clockwise to southern vary from alow of 2.4% (south) to a high of 10.4% (east) (Table 1.5 
and Figure 1.6). Despite inter-station variations in frequency and wind speed, the 
differences are relatively smail and the data clearly show current wind patterns over the 
25 year period (1955 - 1980). 

In order that winter wind characteristics be distinguished from yearly averages, 
wind rose diagrams are considered in conjunction with monthly percentage frequency and 
wind speed data appearing in Appendix A. Although frequency percentage roses (Figures 
1.3a and 1.4a) generally fail to define a prevailing wind direction, analysis of monthly 
figures yields a more discernable pattern. For example, from October through December, 
the prevailing direction (highest percentage frequency) recorded by both stations (round 
bracketed in Appendices A1 and A2) originates from a southerly direction, most often 
from the south and southwest. From January through April, the dominant wind direction at 
the AHRC and Brooks station is respectively from the north and northwest. When 
considering the second highest prevailing wind direction (square bracketed in Appendices 
Ai and A2) along with the highest, an alternating dominance of primarily southerly and 
northwest winds Is recognized throughout the period extending from late fall to early 
spring. 

Mean annual wind speed roses (Figures 1.3b and 1.4b) show that the strongest 
winds originate from southwest and northwest. Both stations record the highest annual 
wind velocity from the southwest (AHRC = 19.2 km hr-!; Brooks = 16.6 km hr~?), and the 
second highest from the northwest (AHRC = 18.8 km hr?!; Brooks = 14.6 kmhr-?). Annual 


data well reflects monthly velocity averages (Appendices A3 and A4) for the concerned 
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TABLE 1.5. MEAN ANNUAL WIND SPEED (km- hr). 


Wind Station 
Direction AHRC: 1955-1966 Brooks: 1966-1980 
N 15.6 Iieg 
NE 22 ged 
E i) 1029 
Sz 1 2c6F 13a) 
s 21 12.4 
SW Loe 16.6 
W 15.3 1i.7 
NW 18.8 14.6 


Data Sources: Canadian Normals: Wind 1955-1972. 
Vol. 3, Environment Canada, 1975. 
Canadian Climate Normals: Wind 
1951-1980. Vol. 5, Environment Canada, 
1982. 


Figure 1.6. Percentage range of variation between wind speeds at AHRC and Brooks 
stations. 
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period of October through April. At the AHRC, southwest winds are highest from 
October through January, then alternate in strength with northwest winds through April 
(Appendix A3). At Brooks, southwest winds are the most intense, with northwest winds 
holding the secondary position (Appendix A4). As will be seen, the combination of 
prevailing and comparatively strong southwest and northwest winds plays a key role in 


determining seasonally repetitive, preferential snow distribution. 


1.6.3.2 Air Mass Characteristics 

The interchanging dominance of southwest and northwest winds is closely related 
to alternations in coverage and magnitude of winter high and low pressure systems, which 
are characterized respectively as continental polar (cP), and maritime polar (mP) airmasses. 
High pressures, originating in the arctic region of the Northwest Territories, pump cold air 
southward during the winter, whereas the lows, forming over the Pacific Ocean, bring 
relatively warm, dry air to the prairies. The strong west and southwest winds often 
observed in southern Alberta are largely due to the 'foehn effect’ or ‘chinook’ conditions 
brought about by the migration of these low pressure centres over the Rocky Mountains. 
Widespread warming trends may be experienced on the lee side of the mountains as mP 
airmasses descend and heat by adiabatic compression. High-speed winds are more 
prominently felt in areas just east of where air is channeled through mountain valleys or 
passes. These two contrasting air flows (cP and a modified mP) dominate at irregular 
intervals and their existence Is "...more pronounced in winter than any other season” 
(Longley, 1972, p. 45). The occurrence of chinooks Is significant not only because of 
their effects on snow distribution, but also because they often instigate mid-winter 
snowmelt. 

Given the lack of a strict definition of a ‘chinook day’, it is difficult to ascertain 
how many chinook days occur in the field area. Two approaches are taken in defining the 
chinook (Lester, 1976 ; Golding, 1978); the first describes dynamic characteristics or 
causes, and the second assesses surface characteristics or near-ground meteorological 
effects. Lester (1976) indicates the dynamic approach may be inappropriate in defining 
the presence of a chinook, as it relies mostly on satisfying preconceived wind and 
precipitation model requirements. Further, Lester (1976, p.2) states that 


The major problem with this definition is that the model may be incorrect or the 
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model processes may be operating on a scale which !s too small to be resolved 
by the conventional meteorological data network 


Hence, the second approach, using readily available climatic data, is usually followed, 
though this does unfortunately include meteorological phenomena with similar effects to 
chinooks but differing causes (Lester, 1976). Although this method is more easily applied 
to the region in question, the chinook definitions themselves are variable, thus making their 
application more difficult. 

While acknowledging the need for including additional criteria, Longley (1967; 
1972) defines a chinook as present when the maximum winter temperature in a given area 
reaches at least 4.4°C. Using this alone, he shows, through the use of isoline data 
accumulated over a 35-year span, that the study area normally receives fifteen days of 
chinook activity each winter. According to Beaty (1975), the area lies well outside the 
designated ‘heavy chinook belt’, the boundary of which is loosely based on Longley’s 
(1967) 25-day isoline. Ashwell (1968) outlines three requirements necessary in defining 
the presence of a chinook; these are wind direction, a minimum rise in temperature over 
time, and a minimum wind speec. Like Ashwell (1968), Golding (1978) also requires three 
qualifications including wind speed and direction, and certain temperature criteria. 

As the chinook criteria outlined by Lester (1976) are esentially the same as those 
of Golding (1978), Golding's criteria (along with Longley’s (1967) criteria) was chosen for 
identification of 1981-1982 chinook days‘, based on 27 years of meteorological data 
from the AHRC. Due to the work involved in compiling daily data over a long time period, 
the very detailed criteria presented by Lester (1976) and Golding (1978) is only applied and 
compared to the meteorological records of the AHRC station for the 1981-1982 field 
season (see Chapter 4). Regardless of the lack of agreement on the definition of a 
chinook, it will be shown, through the combination of surface melt characteristics and 
meterological data, that the chinook is present, and, along with strong northwest winds, 


initiates significant mid-winter geomorphic activity in the badlands. 


4Chinook days could not be calculated according to criteria outlined by Ashwell (1968), as 
it was impossible to determine from available long-term records one of the three 
requirements (sharp rise in temperature over a short period of time) necessary to this 
definition. 
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1.7 Vegetation 

Because of low annual precipitation and other climatic (temperature; slope aspect) 
and physical (‘soil’ composition and texture; slope angle) factors, vegetation is limited over 
most of the watershed. It is however, densely concentrated on surfaces which are both 
flattish and relatively porous, such as the low-lying alluvial flats and terraces composed of 
depositional sands and aeolian silts located in the upper part of the watershed (Figure 1.7). 
It is also abundant on the top of some mesas where runoff is minimized, thus permitting 
adequate moisture retention for plant colonization and hence shallow brown soil 
formation. 

It is upon the above-mentioned features that the largest variety of vegetation 
species is located. Flowering xerophytic plants such as the prickly pear (Opuntia 
polyacanta) and cushion cacti (Wam///ar/a vivi/ para), and the narrow-leaved stone crop 
(Sedum stenopeta/um) intermingle among dominating short and mixed prairie grasses. Blue 
grama (Boute/ova graci//s) and needle (St/pa comata) are the most common and most 
drought-resistant grasses found in the study region (North, 1976), but western wheat 
(Agropyron smithii), june (Koe/er/a cristata), and Sandberg’s blue (Poa secunda) also 
flourish and can dominate in localized areas (Webb et a/., 1967). Low shrubs, including 
hoary sage (Arte/mis/a cana) and pasture sage (Artem/s/a frig/da), and the perennial herb, 
moss phlox (PA/ox hood//) also prosper on these surfaces. 

Vegetation also occurs on the steeply sloping downstream banks of the 
catchment's primary channel! (Figure 1.7), and, to a lesser extent, on the sides of gullies 
and collapsed piping channels of many claystone and argillite slopes. These areas receive 
more moisture than most others, due to runoff concentration during rainfall and 
snowmelt. Plant growth here is usually restricted to some sparse grass, clustering sage 


bushes, and prickly pear cactus. 
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2. PREVIOUS RESEARCH AND THEORY 


2.1 Snow Characteristics: Origin, Accumulation and Distribution 

The assessment of snow accumulation is of significant importance to hydrologists 
and agriculturalists interested in predicting potential snowmelt for purposes of flood 
forecasting, and determining soil erosion and cropland water availability. Predicting 
seasonal snowmelt rates and volumes frequently involves the application of multivariate, 
energy balance equations, or other climatic and physical indices to the snowcover of the 
area under investigation. However, the accuracy of snowmelt forecasting is often 
questioned, not only because of the methods employed in its prediction, but also because 
of the difficulty in measuring snowfall. It is said that this latter problem, that of 
determining snow accumulation,”...is probably the weakest link in our knowledge of the 
snow hydrology cycle” (Meiman, 1970, p. 35). The problem is complex due to the initial 
areal variability of snowfall, the constantly changing characteristics of the snowcover, 
and, most importantly, to the redistribution of snow by wind. These factors are discussed 


in terms of their applicability and importance to the study. 


2.1.1 Spatial Variability of Snowfall and Snow Accumulation 
Because of a differing and changing degree of influence, factors affecting the 

areal variability of snowfall and the snowcover are typically categorized according to 
spatial scale. As defined by Gray et a/. (1978; 1979) and McKay and Gray (1981), these 
scales are: 
1. Macro (Regional): 

a. Areas ranging from 1 to 1 X 10° km? 
2. Meso (Local): 

a. Includes linear distances of 10? to 103m 
3. Micro (Small or Plot Size): 

a. Includes linear distances of 10 to 10?m 
On the regional scale, snowfall variability is largely controlled by dynamic meteorological 
effects, including atmospheric circulation, airmass location, and airmass characteristics 


during precipitation (U.S. Army Corps of Engineers, 1956; Peck, 1972; Gray et a/., 


ZS 


i x niet ma - yl i : 
uve era Snalgo7D eng F eta DMG DAUR TIOT 

Se conaiunenen iat a 

siomawnar do romaine atl — nt ieee alee rare - _ i 
a es > 

pieyticy iver © pense HONBUPTR Save sae 


efit tonavenwrane grtt ot aaonN spit 
natto zi pniiesoaro? eertiweny tO Woe Gin sevawels spec i, 
fai for 2 “Are es 


eeunzed oals-tuc Horna aly UF niume 2dor' Fert st. te seuaaediyl 
Digs 2141 aig GENO (We 


ort to agbalwor.4 quer th oral rae ow ort vided) 7 at eee a ae ee 
7 aF tae G Ne 2 per iapaenes 


sevouwore ett 19 hile aw Fr angeare yaharanos ed ipetwedia me) Re 


aacunaia ax 210! ont deait oie Wa Word to ode iis alle wiyarrogen $a 


Youte ant or aoceh Sint sisi niet Ye 


v 


ho Mal (relia a SFB! Se? TS 


iailinl ent? of sum KaqraoD <1 1S 


WrMMooA Word one annette ‘eon tant TS 


eft pasos is SOIT) 8" aun to Be vaett QniQnerts SMG annette to seus ; . 


earn 


. 


yone athons timwonre ta tena vs rae) 


oF pei Onna Las Op waacy lib ay? Or n9vaq: 
: . My 


omit (PSE!) yaw ore vera one Ger BTA) we ayeror we bentaner, ue lange | 
| aN 


isnager) ova ict 


wade Ot AT wl eT Bre See | 
iesosoed Ss 
mitt o17Oh to sea/eiaie arp eeapton =. 
dere tol 49 ising araiNN 


mh onde asain See as i 

ieoipelo:oHra™. CUIMEAYDS yest O5 !* FOOD \yhapsl at idea wor 

apitatvence arte Pattie bye site so! ov arosie rsianlagria sin 

| vee yard STEP eet Od .2" serngaaae ’ tra, 
ined Se a, 


24 


1978; 1979; McKay and Gray, 1981). In the prairies, where most snowfall is derived by 
frontal activity, regional variations in the depth of snowcover may be linked to the position 
of a front. During winter the arrival of a warm front may produce generous amounts of 
snow up to 250 km ahead of the front, while depositing very little behind it (Longley, 
1972; Gray et a/., 1978). In addition, variations in the rate at which snow falls from place 
to place may be responsible for a non-uniform distribution (Kuz’min, 1960). Thus, 
snowfall recordings for prairie climate stations may vary considerably in a given 
snowstorm. 

Snowfall variability on the regional scale also results from the combined influence 
of airmass characteristics and large-scale physiography, inciuding such factors as airmass 
modification due to orographic uplift, and lake effects (U.S. Army Corps of Engineers, 
1956; Peck, 1972; Gray et a/., 1978; 1979; McKay and Gray, 1981). The uplift and 
cooling of moist Pacific air typically produces much more snow in the Rocky Mountains 
and eastern foothills of Alberta than in the adjacent plains region. Nkemdirim and Benoit 
(1975) used meterological data from 1941 to 1971 to statistically separate Alberta into 
two zones of snowfall accumulation extremes. The high intensity zone occurs in the 
mountains / foothills region, with the hypothetical longitudinal boundary passing through 
Jasper, Calgary and Lethbridge. Regional snowfall accumulation and variability are seen on 
Figure 2.1, which depicts mean annual snow accumulation throughout southern Alberta. 
Spot values show a high variability of snowfall in the mountains, with some areas receiving 
500 cm per year or more. A minimum average accumulation value of approximately 102 
cm is seen in the southeast, which includes Dinosaur Provincial Park. 

On the meso or local scale, variations in snow accumulation are often influenced by 
topography (obstacle presence and distribution, and slope angle) and vegetative cover 
(type and density). At the micro scale, surface roughness is the prime determinant of spot 
accumulation. However, the physical factors influential at these scales present a hindrance 
to the post-fall measurement of and assessment of snow accumulation, and do not 
actually cause an areal variability of snowfall. For example, although they may initially 
receive like quantities of snow, barren slopes, due in part to the effects of wind, usually 
retain much less snow than those which are heavily vegetated. It is therefore more 


appropriate to discuss the smaller-scale physical variables in the following section on 
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TABLE 2.1. VARIABILITY OF SNOWFALL ACCUMULATION (CM) 
AMONG BROOKS STATIONS DURING SELECTED 
SNOWSTORMS OF 1981-1982. 


Storm Date Brooks AHRC Brooks North Brooks One Tree 
Nov. 17-18, 1981 Hod 9.0 m 
Dae, Si, Sk S ems is Usk 3.9 Sys) 3.1 
Jens Wh CAM, WS 5.5 4.0 3.4 
Mar. 1 (AM), 1982 4.3 50 Si 5, 


m: Data Missing 


Data source: Supplied by Atmospheric Environment Service, Edmonton, Alberta. 


Figure 2.1. Mean annual snow accumulation in southern Alberta (+3 cm). (after Longley, 
1972): 
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snowfall distribution and redistribution, rather than accumulation. 

It is maintained that spatial variability of snowfall on local and small scales is not 
very large though it may appear so as aresult of snow deposition under windy conditions 
(McKay, 1970a). In addition, on the local (as well as regional) scale, initial snowfall tends to 
be more uniform than rainfall (McKay and Thompson, 1968; McKay and Findlay, 197 1). 
This is most likely due to the differing origins of summer rain and winter snow. That is, 
frontal precipitation generally covers a larger area than the convective storms responsible 
for most summer precipitation. Table 2.1 shows snowfall variability among Brooks 
stations during selected storms of the 1981-1982 snow season. Although there are 
differences among station values for each particular storm, they are quite smail, especially 
when considering precipitation input in terms of water equivalent. For instance, the 
2.1-cm difference in snow depths recorded for the January 11, 1982 storm by the AHRC 
(5.5 cm) and One Tree (3.4 cm) stations only amounts to a 2.1 mm moisture ‘discrepancy’, 
assuming the density of the snow at both stations to be 10%. 

Potter (1965, p. 9) contends that the first snowcover (that which lasts a minimum 
of seven days) in southeastern Alberta appears at the end of November or early 
December. Using isoline data from McKay and Thompson (1968), McKay (1970b) and 
Gray (1970) ascertain the mean date of the first snowcover in the study area is day 330 
(November 25). Snow accumulation generally reaches an average depth of approximately 
10 cm to 13 cm by the end of February (McKay and Thompson, 1968; Longley, 1972; 
Gray et a/., 1979), which coincides with the period of maximum seasonal accumulation 
(Longley, 1972). Median maximum snow depth is 25 cm, and in exceptionally dry winters 


accumulation may not exceed 10 cm (Potter, 1965). 


2.1.2 Snow Distribution and Redistribution 

Similar to the discussion of the variability of snowfall, the significance of snow 
distribution is best considered on different geometric scales. There is unanimity among 
researchers that wind is the most important factor governing the distribution of the 
snowcover over a givenregion. On the prairies (regional scale), Male (1980) contends that 
blowing snow occurs about 30% of the time during the winter months, provided there is 


an adequate supply of snow available. This suggests that snow drifting, causing an areal 
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variation in the depth of post-fall accumulation, is very prominent on the regional! scale. 
However, because of the size of the area, and because the prairies display a relatively 
homogeneous topography and land cover, a near balance is achieved between the amount 
of snow drifting in, and that drifting out (Kuz'min, 1960). Therefore, as a unit, the prairies 
retain about as much snow as they receive, resulting in a fairly uniform pattern of net 
accumulation. 

On the local scale, this balance becomes upset mainly due to the effects of wind as 
influenced by topography and vegetation. McKay (1964) maintains that open areas in the 
Canadian plains that are monitored through snow surveys only retain about 65% of the 
snowfall reported by adjacent climatological stations. Thus, snow redistribution by wind 
becomes important at this scale, and increases as the size of the area decreases. As the 
present study concerns local and small scales, concentration focusses on mechanisms 
responsible for snow transport and deposition, and the significance of distribution at 
these scales. 

Besides the role of surface relief and vegetation, Kuz'min (1960, p. 9) cites two 
conditions upon which snow transport and deposition depend: 

1. the presence of snow particles, derived either from falling snow or an existing 
snowcover, and 

2. a favourable wind direction and speed to dislodge and transport the particles. 

Kind (1981, p. 353) cites two mechanisms by which variability in snow depth occurs: 

1. the focussing of snowflake trajectories, and 

2. = non-uniform ground drift. 

The first mechanism is caused by a non-uniform wind velocity, and may be responsible for 

the areal variability in snowfall recognized on the local scale. The magnitude of snow 

drifts produced by this penecontemporaneous mode of snow distribution is small in 

comparison to post-fall redistribution. This is attributed to a relatively low frequency of 

occurrence (during snowstorms only), and to the preferable existence of high obstacles 

(Kind, 1981). Non-uniform ground drift (mechanism 2) can occur during a snowstorm, but 

is more frequent after primary deposition has taken place. 

Before dealing with the patterns and effects of post-fall snow redistribution, a 


brief discussion on transport processes acting upon snow particles to cause non-uniform 
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ground drift is in order. Three transport mechanisms are usually distinguished; snow 
creep, saltation, and turbulent diffusion (Mellor, 1965; Gray et a/., 1978). Basically, snow 
creep is Characterized by rolling or ‘jumping’ of snow particles across the snow surface 
with a high frequency of surface contact. Saltation is the bounding of particles along the 
surface in curved trajectories, and turbulent diffusion is the movement of particles in 
suspension, a good distance above the surface. Of these processes, the latter two are 
generally considered the most common means of snow transport (Gray et a/., 1978), but 
this may be due to a smaller knowledge of the function of snow creep (Mellor, 1965). 

For all processes, initial particle detachment from the surface snowcover occurs 
when surface roughness and shear stresses exerted by the wind are sufficiently strong to 
overcome some threshold value of particle force resistance. Opposition to movement 
depends on the size, shape, and weight of snow particles, as well as the extent of 
inter-particle cohesive forces (Kind, 1981). Increases in the wetness of the snowcover, 
caused by aging and melting, generally promote an increase of cohesive forces, adding to 
this resistance. Furthermore, compaction of the snowcover due to wind hardening or 
partial melt and refreeze (sintering) contributes to the formation of a surface crust or 
glaze, which may further inhibit snow transport (Kuz’min, 1960; McKay, 1970a; McKay 
and Gray, 1981; and others). 

The wind velocity or shear velocity required to initiate particle movement varies 

greatly with particle characteristics and the state of the snowcover. For loose, fresh, dry 
snow, a threshold shear velocity of 4.0 m sec?! (14.4 km hr) at ten metres (the standard 
anemoimeter height) is suggested to induce movement (Richter, 1945; Kungertsev, 1956; 
Oura et a/., 1967; Kobayashi, 1973; Kind, 1976; 1981). McKay (1970a), Mellor (1965), 
and McKay and Gray (1981) maintain that velocities of approximately 3.0 m sec”! 
(10.8 km hr-+) may be sufficient. For compact and wind-hardened snow, minimum 
threshold values ranging from 8.0 m sec? (28.8 km hr) to 10.5 m sec! (37.8 km hr“) are 
suggested (Kungertsev, 1956; Kotlyakov, 1961; Chebotarev, 1962), with speeds 
exceeding 30.0 m sec?! (108 km hr) required in some cases for movement of surface 
snow that is extremely dense or highly bonded by sintering (Mellor, 1965). 

Snow deposition and drift formation fundamentally results from a sufficient 


decrease in shear velocity. On the small scale, topographic features (e.g., ridges, isolated 


eerqneiotiiae'o Senechon 2\ dettatied # 
easing Parortavarh ont ¢! nomi Bente: 


eke OW? Fetiel art) aeacenone aeert2 7C eontwa aitaued eon! 

| qe eter wis yal regener yor 19 pean => er 
ABORT Aoleth KesI9 qamerta cotarn ah 7a eaghianworrd salle ne 
sungarevcawond 42eh ue sien (nanwiontes alojrsc Meitit vee 


y ya bared seadote, eats re sei 


ooh Blolt eq Te SUIRY Hind2oye 
reise ant ex aWers aslniiaa wens tance ete 
get mi aeeearond At gel Hom eeatad 8 
gasoline HIoRmO'e Ni weneg enitigt rae 
to nggodamacs adrian song a 
MaGl stoi eetu@ Prog en ate 
Aird’ sh) Noaetent wom nd ba year f 
derive vite ,T8@t yee 


a 
epitay fnarmev Orn asi 1ag grinioru isolev wats jo wisolev brivy eT 
a io Stare ary ore s apifaitelpeaneD. adie tiiw tad oe e 


yaa eer’ .geos! 1% tevaowen: 
Wghnete af) aaa netfee mS 61), vee Ob > un yalevosnbde alone nt 9 OOH 
jouer ponea ah Satesigis kiMhrigiait abemnomient 7 


weet weerops che! iho 
(BGST) Aone We Rl) yor “uBe!r..aTe! esmieret viesyertt TAeh..\e 190% 
' woee dO Hvlatanixetggs 76, aUlo siey issdsnaeinisret Ay SH Mae A 
raabitiin iors Gore ts brid) ant Paqrago +i source Beevantel “whe 
daa BSG) Vows yo OF oT Nan oe! BBS) esteem —t Origa )2ae 
pheage iw (Set! (a RISD EI vodawitawt BEEN «4 wee hp 


Yi -BeeaQ AICS (0 be vane tan rr Gots woee (t a¥ Of 


oh gno re Winsor toe erie bniw a 


FTAA 2! AnneodR. 2ahhre Ss" =) 
yavoowors sft to aqantow 
eronibbs .~s2 107 svnere * iy on 
“ey prifiets tert DONNY o dub RO owone ary 
vojauto Ros was FO ONS 
yenioM aote! yes one 


anuper vi 


quetue. 19 mErMBvarn 16 
(Sah neligWll piuserrie-vd baciod (itgitl o'ssceh ylonenaa ahs 
pgs tiee a tr¥Ot eljoee ' Vitetraraernt <siiatinttaastekis Per ievats sl is 7 
sale ; 


Secuneel soos) outqe poo I tiene ic 


20 


slopes, depressions, and vegetation clumps) may cause a decrease in wind shear due to 
disturbance of air current pathways, thus causing the formation of small eddies and hence 
snow deposition. The decreased wind shear experienced at the windward bases and 
leeward zones of obstacles make these areas especially susceptible to preferential snow 
accumulation. On the regional or local scale, and according to the turbulent diffusion 
transport process, large eddies may form in the free air stream up to hundreds of metres 
above the ground surface (Radok, 1977). Furthermore, snow deposition may also result 
from decreased wind speed within barometric pressure gradients, downslope dissipation 
of katabatic winds, and particle adherence to wet snow surfaces (Mellor, 1965). 

According to Kuz'min (1960, p. 15), snow distribution as influenced by obstacles 
depends on the number of obstacles, the distance between them, their disposition within 
an area, their dimensions, and their shape. Hence, he asserts (p. 37) that the more 
pronounced and frequent the nature of relief features, the greater the variability in 
distribution and depth of snow deposits. Wind characteristics such as strength, duration 
and direction are also important to obstacle-induced drift formation, especially in 
determining a preferential orientation or a seasonally-repetitive occurrence. Kuz'min 
(1960, p. 34) maintains that the greatest drifts are formed in open, level, steppe regions, 
and smaller ones where the terrain is highly irregular or covered in vegetation, and larger, 
more pronounced drifting occurs where sustained, strong winds blow from one prevailing 
direction (McKay, 1970a; Gray et a/., 1978; McKay and Gray, 1981). In further support, 
significant variations in snow distribution were not observed auring the winter season on 
the Russian prairies under winds of varying directions (Kuz'min, 1960). It is important to 
note here that initial and seasonally-repetitive drift formation depends largely on the 
effective wind direction (i.e., the directional wind strength), rather than simply the 
prevailing wind direction. Hence, the existence of a prevailing wind is unlikely to produce 
large or repetitive drifts unless accompanied by strong winds. This view is supported by 
Odynsky (1958), in his work on sand dune formation and orientation in Alberta. 

Besides windward and leeward zones of ridges, slopes, and other obstacles, snow 
drifts or large deposits are usually found in concavities such as ravines, gullies, ephemeral, 
perenially-frozen, or intermittant drainage channels, or other more shallow depressions in 


which eddies form and wind velocity is greatly reduced. The extent of accumulation 
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within these features, provided there is an adequate supply of blowing snow, also relies 
on wind characteristics. Largest accumulations are observed when the wind blows 
transverse to the depression axis. Conversely, less snow is deposited when winds flow 
parallel or within these features (Kuz'min, 1960). Smaller depressions may become 
completely snow-filled, thus smoothing the terrain by reducing spatial irregularities. 
Similarly, small obstacles may become completely buried, with the same results. 

Based on comprehensive research of the prairie regions of the USSR, Kuz'min 
(1960) rated the snow retention abilities of selected landscape features. Accordingly, 
smallest accumulations appear on ridge crests and steep slopes, especially those exposed 
to wind. Moderate deposits occupy spaces between ridges as well as flat areas of 
watersheds. The largest quantities lie in slope lees and surface concavities. Research 
shows that within a given area, the water equivalent of snowpacks can be correlated fairly 
well with snowpack depth (Dickinson and Whiteley, 1972; Steppuhn and Dyck, 1974; 
Storr and Golding, 1974; Adams, 1976). Larger snow accumulations should therefore 
possess higher water equivalents, and slope lees and depressions should retain much 
water. This is backed by Kuz'min (1960, pp. 55-58) who cites many examples from 
Siberian, prairie, and semi-desert snow surveys of the USSR which show that ravines 
often contain up to 4.5 times more volumetric snow than surrounding flat, relatively open 
regions. In conjunction, water equivalents in ravines are, on the average, 2 to 4 times 
greater than in nearby fields. 

In some forest steppe areas of western Siberia, where precipitation is low and 
winds are strong, slopes are often completely snow-barren, with all accumulation drifting 
into ravines and depressions (Kuz'min, 1960). Beaty (1975) reports the presence and 
possible geomorphic significance of snow accumulation within aligned coulees of semiarid 
southern Alberta (details to come). Kuz'min maintains (p. 57) that all else being equal, the 
total percentage of snow in a given location often depends largely on the percentage area 
represented by depression features. Anderson (1972, p. 2) contends that ”...the 
distribution of the snowcover becomes very important, as it determines which portions of 
a watershed are potential contributors to runoff”. In conjunction, McKay (1970a) asserts 
that as gullies and drainageways are major accumulation areas, they also serve as major 


source areas of runoff. By inference, it is reasonable that these features, as well as other 
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primary and preferential accumulation areas may also serve as major sediment source 
areas, as well as foci for winter and early spring geomorphic activity. 

The discussion of snow distribution as influenced by the interaction of wind and 
topography is incomplete without consideration of the extent of vegetation present. The 
role of landcover is similar to that of terrain in that it too influences surface roughness. It 
often serves to stabilize snow by decreasing surface wind shear, thereby reducing the 
ease with which snow may be re-transported. Depending upon the type and density, the 
presence of a vegetal cover may also favour snowdrift formation. However, the dramatic 
effects of obstacle-induced snow drifting are generally lessened with an increase in 
vegetation cover (Goodison, 1978), and densely vegetated landscapes retain larger 
amounts of snow than open areas, or those with sparser vegetation. 

In conjunction with vegetation density, plant type is also a consideration. This is 
demonstrated by Gray et a/. (1978), using Canadian prairie snow-survey data presented 
by Steppuhn (1976). The landcover classes studied, arranged by least dense to most 
dense include: fallow, stubbie, pasture, and scrub brush, with the latter class consistently 
retaining the greatest snow depth. This pattern was also recognized in snow-retention 
investigations conducted by Goodison (1978) and Fitzgibbon and Dunne (1979). In these 
studies, it was found that the least dense vegetation class, which also corresponded to 
that class with the shortest plant height, possessed the lowest snow depths and water 
equivalents. In both instances, these characteristics are attributed to the relative ease with 
which snow is removed from these areas by wind. It is noteworthy to mention that in all 
three studies, snowpacks lying within the least dense, most open vegetation categories 
also exhibited the highest snow densities because they are more frequently subjected to 
compaction by wind activity (Goodison, 1978; Fitzgibbon and Dunne, 1979). This 
conclusion is also reached by McKay and Findlay (197 1), in explanation of the typically high 
snow density values found in both the prairie and tundra regions of Canada. 

Most researchers maintain that the combined affects of surface relief and 
vegetation on snow drifting depend primarily on the degree and type of vegetation cover. 
In fact, it is argued by Fitzgibbon and Dunne (1979, p. 467) that "topographical influences 
are only important in open areas of sparse vegetation.” This is supported by Steppuhn's 


(1976) snow depth data which shows, as pointed out by Gray et a/. (1978), that the most 
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heavily vegetated class (which is probably considered as sparse by the standards of 
Fitzgibbon and Dunne) retained the most amount of snow regard/ess of terrain (i.e. slope 
steepness). This same data also reveals that the average snow depth of all vegetation 
Classes surveyed in /ow/and areas was 101.4 cm, whereas the total class average from 
topland areas was only 27.2 cm. Goodison (1978), working in the Cold Creek watershed 
in southern Ontario found (p. 39) that ”...the effect of terrain on local snowcover 
depended first on the local land use, which influenced the amount of snow accumulation.” 
He further states (p. 39) that "terrain irregularities, when significant, increased the error of 
variance of the snowcover properties’ (e.g. snow depth and water equivalent). Kuz’ min 
(1S60, p. 57) maintains that snow deposition in the semiarid steppe of the Trans-Volga 
region of the USSR relies on both relief and vegetation. 

From this discussion, it is apparent that snow distribution and redistribution is 
indeed dependent, at least on the open prairies, on vegetation and topography. It is 
acknowledged here and by most researchers that topographic relief is less influential in 
forested areas, where the existence of a tree canopy inhibits wind action. It follows 
however, that vegetated surface concavities on the prairies may be expected to retain 
considerable amounts of snow in comparison to either non-vegetated depressions or 
other vegetated areas that are topographically non-susceptible to snow accumulation. 

Table 2.2 summarizes many of the factors governing the spatial variability of 
snowfall and subsequent redistribution as discussed in this section on snow 
characteristics. From the table, it is evident that the degree of snowfall variability 
generally decreases as scale decreases, whereas snow redistribution becomes more 
highly varied. Thus, it is easy to see how and why accurate snow measurements are 
frequently difficult to obtain. This is especially true on the local and small scales, where 
initial input is generally uniform, but redistribution produces measurement difficulties and 


hence inhibits prediction of runoff and the accurate identification of runoff source areas. 
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2.2 Badiand Hydrology 

Previous research into badland hydrology has emphasized that watershed runoff 
response is complex, due largely to great variations in slope angle in conjunction with a 
highly heterogeneous lithology (Bryan et a/., 1978; Hogg, 1978; Bryan and Campbell, 
1980; Campbell, 1981; Hodges and Bryan, 1982). Although the classical Hortonion 
runoff model of overland flow initiation when precipitation intensity exceeds material 
infiltration capacity (Horton, 1945) has been considered suitable to the explanation of 
badland runoff processes (Ward, 1975), recent research shows that the model is only 
partly satisfactory, and may apply only to specific lithologies (Hodges and Bryan, 1982). 
Therefore, it appears that a variation of the part/a/ or var/ab/e source area concept, as 
proposed by workers in humid areas (Betson, 1964; Tennessee Valley Authority, 1964; 
Hewlett and Hibbert, 1967; Kirkby and Choriey, 1967; Betson and Marius, 1968; Dunne 
and Black, 1970a; 1970b) is aiso partly applicable to the interpretation of observed runoff 
characteristics. However, as stressed by Hodges and Bryan (1982), no single standard 
runoff concept (such as those outlined in Kirkby, 1978 , and by Bevan and Kirkby, 1979) 
adequately explains watershed runoff response in the Alberta badiands. 

Current badland research is progressing towards the development of a watershed 
runoff model through knowledge gained from detailed surface plot studies and 
instrumented monitoring of total basin precipitation and runoff. Through such work, an 
understanding of runoff properties and geomorphic response under rainfall is gained. It 
also aids the study of snow by providing a background into many of the mechanisms 
operating on badland materials during snowmelt. The following sections review pertinent 
hydrologic information coliected from simulated rainfall experiments and instrumented 


natural rainstorms. 


2.2.1 Infiltration, Material Behaviour, and Runoff on Differing Lithologies under 
Rainfall 
Recent hydrologic monitoring has established the study catchment as an extremely 
efficient runoff producer as compared to humid and other arid land watersheds. This Is 
primarily attributed to low permeability and reduced water transmissibility of materials, 


caused in part by swelling and sealing of the sodium-rich montmorillonite clay contained in 
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abundance in claystones and sandstones. It is generally accepted that swelling of 
montmorillonite, a consequence of hydration (or sorption), stems from the ability of 
hydration energies of exchangeable cations to overcome electrostatic attraction forces 
associated with inner layers or particles of the mineral, and to replace or exchange the 
cations themselves for water (Norrish, 1954a; 1954b; Baver et a/., 1972). 
Montmorillonites with high sodium contents possess the greatest swelling ability due to 
the monovalent nature of the sodium cation, which exhibits an osmotic attraction for 
water that is twice as high as that of divalent cations of other dominant elements found in 
clays (Hillel, 1980). As observed by Yair et a/. (1980), swelling of montmorillonite may be 
suppressed or restrained by the presence of other prevalent ions, such as calcium in 
kaolinites distributed in the Zin Valley shale badlands of the Negev desert region in Israel. 
Material infiltration capacity on these surfaces is much higher, and runoff lower than that 
observed on claystones in the Alberta badlands (Yair, et 2/., 1980). 

Hodges and Bryan (1982) analyzed 21 sandstone units in Dinosaur Park and found 
an average clay content of 22.6%, with montmorillonite dominating in ali but one sample. 
Infiltration on these surfaces is limited due to a compact structure and rapid surface 
sealing, and the wetting front rarely reaches depths greater than a few millimetres. 
Slightly deeper penetration may occur via structural micro-joints in the coherent bedrock 
below the surface weathering rind (Hogg, 1978), or when there is little erosion of surface 
sediment (Hodges and Bryan, 1982). In addition, rainsplash, along with possibly aiding in 
the dispersement of sediment, may also cause a higher degree of surface compaction, the 
effect of which is to reduce materia! swelling ability and infiltration capacity (Baver et 2/., 
1972; Ward, 1975; Hillel, 1980). Therefore, deeper penetration may also be realized 
during snowmelt, when the effects of raindrop impact are absent (Hodges and Bryan, 
1982). 

Simulated rainfall experiments conducted on sandstone plots (Bryan et a/., 1978; 
Hodges and Bryan, 1982) and field observations during natural rainstorms reveal a rapid 
runoff response to precipitation, with flow initiation beginning almost immediately. 
Threshold precipitation, or that amount required to generate runoff on these surfaces, is 
usually a few millimetres or less, depending on antecedent moisture conditions (Hodges 


and Bryan, 1982). Sandstones yield runoff mainly as overland flow, in a manner similar to 


 ' (hae : 5 ai be . a sot 
tt Sepwrhs 3 wast 20 joven? to 28 
rw ever, Age yevee Jp aet awe 


os Gite atid qnillewe tetae vg wt? eeeaeod ain 
yor piling ts ainmac ns giiditae Monw Norel Pitre ave age ~ 


Wines ctnentola Thacien secit.to 2yoU89 reales a ove hia gi 


=! 
gd Vern SHinahivOrm sm 76 Qelews ORET) Ae 30a ‘ydinpinaada ti: “08a 2 
ih UVa Re Have ced Tygiay sy WPAN SS =a te orl ye beitiarrro wy 1" 
to atnaibhd Siacle galley coon 


i? Hy 


jada et Hoge Tazeb vena” art 


Tart Merit 1wi tony bres seein ricurh Lease ue 25a OS Sigetas iggy 
ISBEI \e te SY) “piciskd fk ease 


biriat Son} pine SETHE Enema a 


iearncomy ei ROSS? ae 


Slirnad ene fd 16 oi Brerimot onAe 


o9 & ot.908 handnitet seas aaiez@nt no oie" 
7a0 2ev}ona" sia wi tne ge Wt st | 

ie yur outa Rly, was yam neienénag ‘hana ® ; 
10 (B58) ge a tgeoroaawaoatrus ert wc = 
te oewitns ©. (RBGR Bays 18 bre eagtort memibaa~ 2 | 
at nGtsagruo oot we Yo eaiDS= arigin & S2.n> CEN WEA SNR BE aaa : i 
AS jovevne wiinsas> ite Mov gta /i'heer “pda ‘eran aoubet one raldve Y9 tome ; 
haxiearad cals yar odliattanss Tages? Sg TIAVSISNT ’ Geet lene aver ce. cree! ies 
solsme’s to VtoRaTS Stee visemuci geil 
ae - 

- mi 

¢ yetsuhitoS 2eeon eens _ 


avinidéeveakoe Beit usta {Seer ne 


pro? one 269 wszorit 1 ality) ariete 


gggtue bids) One Ss WAYS 16a” 
savacmiliis Wwel'& Merl, Je!se% 
Joucbed Heserias ert Mm sinio( ora a 
gzaiwe toa Hoeow slit ai averit raw - ; 


ith gritia yidieoos nniw anole rleaiie 


7 


Raye bia PSHbOM) ryens a6 foRG" 


gfe . \o.56 ney78) afolt; énoteios® 4 
bie BESS? SIT VOTAMNa ts Be lE O! nive 
yletsivecryt recinla Dainrug seh igitirn yv2e ale nite 
a ioe Sears Ao Monk aie. UrseipeY ‘TeuOrOR tarltsG 
y eAsinoNSs grusigitien tate yair's Hd eranaght aaah o 068 
Gaetan wT. welt neieve 25 yirnsn-tor 


? i] 


Pe 


~ FP 


36 


that described by Horton (1945). Micro-rivulets form and coalesce on interfluves, and 
drain downslope and laterally into deeply-incised rill channels. Quasi-laminar sheet flow 
may occur on interfluves, when material sorption and hence infiltration rates are exceeded 
by the amount and rate of precipitation input (Hogg, 1978). Wetting depths are usually 
less in rills than on interfluves, as rill floors are compact and lack a penetrable weathering 
rind. In addition, they are usually coated with a fine, almost impermeable clay lining, 
derived from deposition of sediment from previous flow events. 

Runoff response on claystone slopes is more variable than on sandstones primarily 
because of the greater range found in material textures (i.e., degree of compaction and 
desiccation cracking) and composition (Hodges and Bryan, 1982). As mentioned earlier, 
many claystones develop a highly desiccated, loose and puffy regolith, while others are 
more compact and intricately broken by shallow desiccation cracks. Beneath either of 
these surface layers usually lies a compacted crust which is virtually impermeable except 
for structural cracks (Hogg, 1978). Below this crust is a thin layer of loose bedrock 
shards which disintegrate rapidly upon wetting and create a "perfectly impermeable seal 
(Bryan et a/., 1978). 

The vertical extent of crust development represents an equilibrium depth whereby 
the crust/ shard interface corresponds to the maximum depth of water penetration by the 
‘average’ rainstorm (Hodges and Bryan, 1982). Since the crust is relatively impermeable, 
subsurface flow must travel through structural cracks (which may widen into micro-pipes) 
to the shard layer beneath, where continued downward penetration is negligible. It is at 
this crust/ shard interface that the most elaborate and larger pipe networks are found, 
where the impermeable wetted shard layer provides a caprock for pipeflow and further 
pipe development (Bryan et a/., 1978). 

Hogg (1978), Bryan et a/. (1978), and Hodges and Bryan (1982) studied runoff on 
claystone units in great detail, and propose similar stages of flow initiation. Runoff on 
units with a highly disaggregated regolith procedes as follows. Upon initial wetting, clay 
aggregates (or cells) begin to hydrate and swell. Surface sealing ensues while water 
penetrates dessication cracks or gaps between aggregates. Slumping and slaking (a 
process by which compression of entrapped air due to swelling causes cell crumbling and 


disintegration) of regolith aggregates occurs, and crack, rill, and subsurface pipeflow 
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follows. Cracks extending from the regolith to the crust layer permit vertical interflow, 
while sorption processes at this impermeable interface cause basal sealing and closure of 
cells above. With continued rainfall, surface sealing is complete, and overland flow is 
sustained from former cracks and rills. Water may penetrate the crust layer through 
structural cracks to the shard layer, where it may become interflow or pipeflow. 
Pipeflow is easily sustained due to a thin, impermeable clay layer lining the inside of pipes, 
similar to that described on sandstone rill floors. 

As noted by Hodges and Bryan (1982), all stages of runoff initiation described 
above are rarely recognized in entirety, and may only occur under prolonged rainstorms of 
high precipitation, or during snowmelt. For example, it is believed that sustained 
subsurface flow along either the regolith/ crust or crust/ shard interfaces requires full 
saturation of the regolith, a state which may never be reached during (or shortly after) 
most short-duration, low precipitation summer rainstorms (Hodges and Bryan, 1982). 
Moreover, full hydration, or ‘equilibrium’ for most colloidal clays is reached within one to 
three days, but due to low permeability of sodium montomorillonite, sorption processes 
may continue for a week or longer (Baver et a/., 1972; Hille!, 1980a). 

Simulated rainfall experiments undertaken in the field by Bryan et a/. (1978) show 
that wetting front depths on claystone slopes, under short-duration precipitation inputs 
are quite shallow. On one stepped and rilled plot, rainfall lasting 20 minutes, with an 
average intensity of 28.5 mm hr yielded a wetting depth of 2 - 3cm, which was confined 
to the regolith. Although overland flow was observed, no runoff from the dessicated 
interfluves occurred until the very end of the experiment. On another rilled claystone plot 
precipitation administered for 27 minutes at a lower average intensity of 16.5 mm hr?! 
produced a 4-cm wetting depth on regolith interfluves. On this plot, the crust was only 
slightly wet along structural cracks, and penetration had not reached the crust/ shard 
interface. On both plots, moisture contents of regolith materials was substantially 
increased by the end of the experiment, yet remained below average claystone saturation 
capacities subsequently determined in the laboratory (Hodges and Bryan, 1982). 

The varying runoff response on claystones is not only strongly influenced by 
physical factors mentioned earlier, but also, by antecedent moisture conditions (Bryan and 


Campbell, 1980; Hodges, 1982; Hodges and Bryan, 1982). In rills and compacted areas 
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threshold precipitation necessary to induce runoff ranged from 5 to 8 mm on dehydrated 
surfaces, and from 2 to 6 mm under hydrated conditions. On the highly disaggregated 
regolith, 12 to 30 mm was required to induce flow on dry material, and from 5 to 12 mm 
on wet surfaces. 

Runoff response on pediment/ fan surfaces is similar to that on sandstones in that 
flow initiation is rapid, threshold precipitation is minimal, and runoff is typically generated 
as micro-rill and sheet flow. Water penetrates a thin, silty depositional surface to depths 
of 2 to 3mm, where it is usually retarded upon reaching a vesicular layer that lies beneath 
most pediment surfaces (Hodges, 1982; Hodges and Bryan, 1982). This layer may reach a 
few centimetres in thickness, and its vesiculated nature is probably caused by air 
entrapment during periods of intense precipitation. 

Runoff as overland flow or interflow rarely occurs on vegetated surfaces because 
of the high porosity and infiltration capacities of sands and brown soils of vegetated 
alluvial flats and grassed prairie surfaces. For this reason, and because rainfall 
contribution by individual storms is generally small, it is presumed that runoff threshold 
precipitation is seldomly reached and that wetting depths may be substantial. It is likely 
that runoff, if generated at all, probably occurs as throughflow. 

Because of the wide range in runoff response exhibited by differing lithologies, a 
modification of the partial area concept appears applicable to the Alberta badlands (Bryan 
et a/., 1978; Hogg, 1978; Bryan and Campbell, 1980; 1982; Hodges and Bryan, 1982; 
Campbell, 1984). Runoff derived from total surface areas of sandstones, fans, and 
pediments is generous, and therefore may constitute a very high percentage of total basin 
runoff. Claystones contribute comparatively little flow, with most emanating from pipes, 
rills, or compacted zones. Although wet antecedent moisture conditions increase runoff 
potential on these and other units, the average span between rainstorms is usually 
sufficient to create dry conditions prior to the onset of most storms (Bryan and Campbell, 
1980). 

As emphasized by Bryan and Campbell (1980) and Hodges and Bryan (1982), the 
partial area contribution recognized in the Alberta badlands is mainly governed by spatial 
variations in lithology, and most runoff, aside from pipeflow, is by overland flow. By 


contrast, primary contributing areas in humid regions, which are largely vegetated and 
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usually display well-developed soil profiles, are found in low-lying regions and those 
adjacent to stream channels. These areas are subject to high saturation levels, controlled 
in part by throughflow and interflow outlet zones or by proximity to the water table 
(Hewlett and Hibbert, 1967; Kirkby and Chorley, 1967; Ragan, 1967; Dunne and Black, 
1970b). Therefore, the partial area concept, invoked to explain runoff generation in 
humid lands, becomes modified to include the effects of surficial and subsurface 


lithologic controls on water flow, in its application to badland hydrologic response. 


2.2.2 Total Watershed Runoff: Volumes and Runoff Ratios 

As further knowledge of runoff response on various lithologies is gained, so too 
IS an increased understanding of the total basin runoff response. However, because of 
the spatially-complex lithology, combined with varying influences of climatic and other 
physical factors, it is difficult to define the degree of importance of a particular parameter 
as it applies to the total basin runoff hydrograph. Nevertheless, hydrologic field 
investigations undertaken since 1981 show that the overall basin response under rainfall is 
one of high efficiency, whereby a large amount of runoff is generated relative to the 
quantity of precipitation introduced. This information is useful to the present study in that 
it theoretically permits a comparative assessment of runoff volumes and storage 
capabilities under rainfall and snowmelt. 

Hydrologic data collection in the watershed is currently facilitated by a competent 
and sophisitcated monitoring system. Rainfall measurements are obtained with the aid of a 
dense network of standard and automatically-recording rain gauges. Two flumes were 
recently installed which are gauged both manually and automatically*®. Thus far, data 
consisting of volumetric precipitation input and hydrograph runoff volumes for nine 
rainstorms occurring in 1981 and 1982 (appearing in Bryan and Campbell, 1984) has been 
used to calculate runoff efficiency and storage within the watershed. 

For the nine rainstorms analyzed, for which average precipitation was 17.5 mm, 
the average percentage of runoff output to volumetric input, or runoff coefficient is 
35.6% (Table 2.3, column 6). This number signifies that 35.6 units of water escape the 


watershed for every 100 units entering. Runoff coefficients for individual storms (Table 


SFor more details on the equipment used, see Bryan and Campbell, 1982 . 


7 ae CES =i om 
ca no mnie scapraben s . 


mere ity 
er ace ee ae 


Geragess orgie Wye! nelinds af mOMtNMNACH MATIN aM wnidrale 


2otich Wponah fae asimuto 1B 
Qo! Sz Bans ne Th ArCril aVOHiey NG Benejee Horus: 
1d eevered . veer banogesy: tay. heed Men ad 10 
tetite ons Sitarrila to & Real Thl DANE IN oat teenc 
valgrnp wc eleieas to. sora ta semeh seh eritab a 
pie? aOR by Zanini velt .AcRIbS yo cuss 
aliits? iv ieiod penoatetniehdla ao ort) jar op AR ; 
att o! svtela-peteianen 2: tony Yo INLEMY oD sls igs 
tart nl white Indes @ ant oJ tutsre © rovermota ekit Senwlerimivalpiiee'doa pains 
mnesorta tris zamuhoy thot To namaase teeta Apna mor ada 
fo rivechrs Seat gadis Social acivtidaged rt 
MOD BVO hAaTSWaRT YARIS 21 Hono aiaw et ih nenisaliot e350 SiRotoaibyn POS 7 ah 
«ho tw or eivebeniatcte ie Seinessuasarh CET RA _vriate 2 Gancrnytotsateniinngae bee e 
asbive Sernu|t owt gua hia gino agi ay [lsat eretyt Orie: merngte Daokewhe sere 
sis .2e* aunt (yiisavetpolus Ors youre Hag Baguas S16 (Tatw bottetae yonea@eT 
ary Tot earnioY Sart ag 7S YO AN AIT yap ped ec ea 1 Grn TeIaMOS 
\iescacgernegey Hota oa fs Hh gel roses eset & bre | 4! _qugehadso eernetariay 
baridveraw ant nietivs ageoote ‘brgayonelatts Vee qrnniciads OF DOME, 


é ratiqesig oayw’s otal) eo bosylons, Ra lotahecestin ay 107 “a: 


men G.% aay MOK 
a 


a SRSA NES NON TO BUR) The ruiov of tudine tars ta ieee 
aM. 


eri ecntied T3tay? ¥9 afr 9.28 Jacthesi gia hedimten? 12 apnuing & S dat ROSE 
SideT) 2ereze ub bik s0P at ator J1S00 3 torial a ae ra 7 


ners” 


mapeel aphiShe ’ 


7 


S86 / Gledarriad brs Hevea ene beaks iptalyee is F 


40 


“sjusuainseaw peys!{qndun wo1y pue *(7g61) |,eqdwey pue uedAsg wo1y pauteigo sanjen » 


i A a a 


“7QEL-186l JO SWYOLSNIVY Y3SWWNS JNIN YO4 VLVG 9190 10YGAH 


[eyr7a 
CB74/ 90-c 
78/L/6 
28/9/L7 
18/9/E1 
CQ/L/Z 
7B/L/1 

Bey ays | 
78/9/01 


a7eqg W40is 


cue Jdgvi 


obes3Ay 


GY) Gay csp lm We Irs Ge) on 


# W4101S 


O° Se cea 
O°k4 6904 1946 | "gz 
O°6E G82 9/€L el 
© (Oe LELC OnIZ 6% 
Gis 16EZ 900L 8°0¢ 
7 b¢ €402 8£69 902 
0°8S H69E 99£9 6°8l 
0° ge eos 60Lh GOTE| 
7 oC 86S 09$z g°/ 
8°91 9ne S502 L°9 
(%) FUeIDI4 4209 () abaeyosiq (gw) anduyj (ww) uolqzez!d!oe4q 
4pouny DIAJoOWN| OA D14}Zown[on abesany 


2 y ae 
_ 
e 


; ae |e, ies eis 
Bjnsia'wiaten boi si Kuan mond noe, ,/ SSQT Ti edqme) tins nByIe 
owen Dy. —_ | 
a a 7 4 7 : 
See _ | ae 


4) 


2.3) were derived by dividing the total volumetric runoff (column 5) by the total basin 
volumetric precipitation (column 4). A pattern is recognized in that runoff coefficients for 
seven of the nine storms (numbers 1, 2, and 5 through 9) increase, or approach 100% as 
precipitation (columns 3 and 4) increases. This pattern well reflects a reduced 
permeability of materials and thus an increase in runoff ability with increasing precipitation. 

Exceptions to the pattern are noted in storms 3 and 4, and are easily explained. 
The uncharacteristically high runoff coefficients of both storms directly reflect the wet 
antecedent moisture conditions present prior to both rainstorms. A major storm, 
followed by daily intermittent showers of a few millimetres occurred four days before 
storm 3. Although surface materials prior to this storm were only partly hydrated, they 
retained sufficient moisture to remain in a partially sealed state. Storm 4 occurred the day 
after storm 3 and yielded the very high runoff coefficient of 58.0% (Table 2.3), indicative 
of the high runoff efficiency expected under a well-hydrated material state. 

Figure 2.2 depicts volumetric runoff (discharge) against precipitation input for the 
nine storms and may be employed to predict runoff, and hence runoff ratios under both 
wet and dry antecedent moisture conditions. From the graph, it is ascertained that runoff 
volumes and coefficients average approximately 1.65 times greater under a moist material 
state when precipitation input is between 10 mm (3,368 m*) and 20 mm (6736 m>). It is 
important to note that treating consecutively-occurring storms 3 and 4 as one storm of 
31.1mm (10,475 m*) would yield a dry-state runoff volume of approximately 4,700 m°, 
and thus arunoff coefficient of 45%. The actua/ average coefficient of these storms is 
48%. The similarity of the two values suggests that the wet and dry antecedent moisture 
curves (Figure 2.2) probably converge at a precipitation input of just over 30 mm (10,104 
m3). This is significant in that it implies that a wet material state is no longer an important 
consideration to the study of badland runoff efficiency once the introduction of adequate 
precipitation enables the dry material to ‘catch up’ to a fully-hydrated state. 

The 30-mm precipitation value also denotes a threshold of maximum, basin-wide 
storage capacity, after which almost all added precipitation becomes runoff. Although it 
has been shown that sandstone, fan, and pediment surfaces yield runoff under very low 
precipitation input, the relatively high 30 mm threshold figure considers the entire 


catchment, of which approximately 55% is covered by claystones and highly absorbent 
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Figure 2.2. Precipitation versus total discharge for nine summer rainstorms of 
1981-1982. 
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vegetation flats. The latter surfaces are probably largely responsible for the high 
threshold figure because, although claystones do not yield runoff in great quantities, they 
have been shown to generate it during rainstorms, before full hydration (moisture 
retention capacity) is reached (Hodges and Bryan, 1982). It is stressed that rainstorms of 
30 mm or more are not common and occur perhaps once per year. This value therefore 
lends support to the hypothesis posed by Hodges and Bryan (1982) that full hydration of 
Claystones may only be achieved under prolonged rainstorms or during snowmelt, when 
saturated conditions are attained beneath snowpacks. 

In comparison to other arid and semiarid regions, runoff coefficients derived for 
the nine storms are similar, but often lower. This is evident despite the large area 
represented by absorbent claystones and vegetation surfaces, and is areflection of the 
high-yielding sandstones, pediments, and fans that comprise the remaining 45% of the 
catchment’s surficial lithology. Campbell (1978) examined runoff characteristics of five 
summer rainstorms during 1976 in a nearby badland watershed, and suggested a 
representative runoff coefficient of 8.6%. This value is lower than the average 
coefficient presented here (35.6%), and may be attributed to the more sophisticated 
instrumentation now employed in the watershed (Campbell, personal communication). 
Nevertheless, both sets of average coefficients suggest a very high runoff response for 
the badlands in comparison to the 1.4% coefficient proposed for the southern prairie 
region of Alberta (derived by Campbell, 1978 from data presented by Underhill, 1962). 

Runoff data obtained during 15 rainstorms by Schumm and Lusby (1963), on the 
Mancos shale slopes in semiarid western Colorado show that the average runoff 
coefficient from August to October is 16.1%, or a bit lower than that recently derived for 
the Alberta badlands. However, seasonal increases in soil infiltration capacity due to 
mid-winter soil loosening’ results in springtime (April to June) runoff coefficients that 
average 1.3% (derived from data presented by Schumm and Lusby, 1963). This 
seasonally-fluctuating material state has not been recognized in the Alberta badlands, 


which generate high runoff for the entire rainfall season. 


‘The explanation and significance of this process will be discussed in further detail in the 
last section of this chapter, entitled Bad/and Erosional Mechanisms And The Geomor phic 
Role Of Snow. 
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Runoff studies conducted during two rainstorms in a semiarid sub-basin of the 
Walnut Gulch watershed in southeastern Arizona (Osborn and Renard, 1969; 1970) yield 
very high runoff coefficients of 45% and 36%. However, these coefficients result from 
extreme precipitation inputs of 52 mm and 46 mm respectively, and are likely to be much 
smaller under lower, more representative rainfall amounts. Corresponding precipitation 
inputs required to obtain similar coefficients in the Alberta badlands are much less, ranging 
between 20 to 30 mm. 

Simulated rainfall experiments carried out on surface plots in the arid Zin Valley 
badlands of Israel indicate that runoff disposal is less efficient in this region than in other 
badlanas, including those in Alberta (Yair et a/., 1980). The Zin Valley badlands are 
developed in the Tagiya Formation, which is composed of homogeneous calcareous shales 
that exhibit little swelling and retain a high infiltration capacity (Yair et a/., 1980). Runoff 
on this material is almost completely confined to rills, pipes, and gullies, with overall plot 
runoff response similar to that on the claystones of the Dinosaur Park badlands (Yair and 
Lavee, 1982). Although no volumetric watershed runoff data is available, it seems almost 
certain that runoff coefficients for these badlands would be substantially lower than those 


calculated for Alberta. 


2.3 Snow Disappearance end Snowmelt Runoff 

As concisely expressed by Kuz'min (1960, p. 12), snowmelt, or the 
".,.disappearance of the snow cover is determined by a single decisive factor - the heat 
balance of the earth's surface”. Although this statement is simple, its implications become 
complex when considering the many and varying interactions of the heat-related 
parameters leading to inter-seasonal changes in snowcover characteristics (e.g. depth, 
density, and water equivalent), and to spatial diversity of snowmelt release and runoff. 
Monitoring of temporally-varying snowcover characteristics is essential to the accurate 
prediction of the timing and volume of snowmelt runoff. However, measuring the 
interseasonal changes in the nature of the snowcover is often difficult, particularly when 
accompanied by a spatial variation in the characteristics themselves, and by spatial 


variations in snowcover distribution. 
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As stated earlier, the primary emphasis of this research is placed on assessing the 
geomorphic impact of snow and snowmelt on badiand materials. Although runoff is of 
concern, it is of secondary importance. For this reason, and for logistical and practical 
considerations, no snowmelt prediction equations or models are applied to runoff in the 
study basin. However, a discussion on the factors employed in most energy balance 
equations, which influence both initial and differential snowmelt is included, to indicate 
those parameters which are the most influential to snowmelt, runoff, and hence 


geomorphic response in the badlands. 


2.3.1 Snow Disappearance as Influenced by Factors Governing Direct Solar Radiation 


Receipt 


2.3.1.1 Albedo 

The albedo or reflectivity property of a snowpack is one of the energy factors 
which governs the rate at which snow melts. As will be seen, this rate is significant, 
because it strongly determines whether or not runoff can occur in a given area. The 
degree to which albedo controls snowmelt is largely a function of the angle or ‘height’ of 
the sun, the size, shape, density, and structure of the snow crystals in a snowpack, and 
the amount of soil or other matter incorporated (McKay, 1970b ; Male and Granger, 
1978): 

New, fresh, dry snow retains a high coefficient of reflectivity (c. 0.90), whereas 
aged, moist, or soil-laden snowpacks often possess high radiation absorption capacities, 
or alow reflectivity ratio of c. 0.40 (U.S. Army Corps of Engineers, 1956 ; Anderson, 
1972 ; and others). In general, snowpack albedo tends to diminish as the snow season 
progresses, especially after the occurrence of the last snowstorm. Accelerated melt 
usually occurs where dirty snow layers laced with wind-blown soil are exposed, or when 
patches of bare ground, with their comparatively high radiation absorption properties, 
allow peripheral melting of the surrounding snowcover (Gray, 1970) In addition, variations 
in spatial albedo may lead to differential melt of the snowcover. This is particularly evident 
in areas subject to non-uniform snow accumulation, and is apparently linked to variations in 


snowcover depth. 
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The albedo of the underlying ground surface influences the amount of heat energy 
re-radiated into the snowpack,once the snowcover depth shrinks below some critical 
value. Kung et a/. (1964) maintain this value is approximately 12 cm; Gray (1970) 
proposed a value of 15 cm, which was subsequently altered to 2 to 4 cm after conducting 
laboratory experiments (O'Neill and Gray, 1972). Gray (1970) suggests snow 
disappearance on fallow prairie fields is fairly uniform except in gullies and areas 
conducive to drift formation. These findings imply that reflectivity properties of 
snowpack and underlying ground surfaces may play a prominent role in the badlands, 
where gullies and potential drifting areas are plentiful, sediment disturbance by wind 
commonly occurs, and where there is a wide range of reflective properties exhibited 


between the light-coloured sandstones, and darker claystones and ironstones. 


ZEoeleeASpect 

Aspect (slope angie and orientation) is generally viewed as a principal factor in 
determining the amount of direct beam radiation reaching the surface snowcover. 
According to Meiman (1970), the prime role of aspect is that of influencing snowmelt. 
The effectiveness of aspect on generating snowmelt depends on the position of the sun 
as dictated by time of year, and is largely modified by topography, i.e. slope angle and 
orientation. It is argued that aspect is particularly important in areas where there is 
variation in surface relief. In fact, it is emphasized by Price and Dunne (1976) and 
precisely stated by Obled and Harder (1978, p. 200) that during snowmelt, "the main 
effect of topography is to increase spatial diversity in snowmelt rates resulting in a time 
staggering of the release of meltwater over the watershed.” 

Variations in solar radiation receipt as controlled by topography and time of year 
are easily seen in energy flux data derived by Buffo, et a/. (1972). This data demonstrates 
that at 50°N latitude (the fieid area is 50°46'N), a 30° south-facing slope receives an 
energy flux of 1268 J cm”? day? on December 22, whereas a north-facing slope of the 
same angle receives no direct radiation on this day. On March 8, the identical south-facing 
slope receives 2562 J cm? day?!, whereas the north slope is allotted only 159 J cm”? 
day. Moreover, Male and Granger (1978) show that a significant variation in the 
magnitude of solar radiation receipt is also recognized on gradual slopes. They remark 


that a 10° south-facing slope at 50°N latitude receives 2.5 times as much direct radiation 
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as a 10°N slope at the onset of March, but that this figure drops to 1.5 by the first of 
April. 

With such information in mind, it is not surprising to find numerous studies that 
claim south slopes usually become snow-free before slopes oriented in other directions. 
This is deemed particularly true in unshaded, non-forested areas, and may be more readily 
observed in semiarid areas (McKay, 1970a), or in locations where mid-winter thaws are 
common (Kuz'min, 1960; Meiman, 1970; Gray et a/., 1978; McKay and Gray, 1981). 
McKay (1970a) contends that north-facing semiarid hillslopes often retain snow 
throughout the winter period, whereas south slopes may frequently become snow-barren. 

In conjunction with temporal variations in snow disappearance, many studies (e.g. 
Packer, 1962; Gary and Coltharp, 1967; Landalls and Gill, 1972) show that throughout the 
winter, snowpack water equivalents on north-facing slopes are generally greater than 
those of south slopes. This observation is claimed due to less radiation receipt, hence 
less inter-seasonal melt or evaporation on north-facing slopes. As important as the 
effects of aspect on snowmelt appear, it is convincingly argued by Male and Granger 
(1978) and McKay and Gray (1981) that within the prairies aspect is less influential than 
snow accumulation or snow distribution in determining the rate of snow disappearance. 
That is, south slopes may not necessarily lose their snowcover before other slopes if they 
possess larger quantities of snow. This is supported by Hendrick et a/. (1971, p. 423) 
who contend that "drift patterns and interception contribute to complex depth patterns 
which, in turn, lead to a complexity in the growth of bare ground areas during the melt 
season’ 

The implications of this discussion indicate that there are a number of varying 
possibilities as to the effects of aspect on snowmelt response. In the badilands, it seems 
certain that the highly dissected terrain and accompanying wide range of slope angles and 
orientations would promote a significant spatial diversity in snowmelt rates. Even though 
the greatest difference in radiation receipt among slope aspects is realized in December, 
optimal variations in the spatial disappearance of snow are probably seen during March or 
April, when the effects of differential radiation may be accelerated by atmospheric heat 
transfer of warm spring winds. However, as pointed out by Male and Granger (1978) and 


McKay and Gray (1981), snow distribution patterns may negate the logical progression of 


ditnsvesony ee yarn Oh, 268% pales -Aomb 


rth WaT A131 aor enaifesolsn 10 (AW et yeas 
Ob Ward br sAeM acPi  in14 YarOsOVe 


saqclainet onimes oninat 


aX ssa" 


Wore Pie TAC 


heviedworieerioned yiinaupast yarn gece Mele zadrorw Be 


Eb MORR i a OTartey: ae ener 


6.ePesibita ynsro .2onesagnpe): 7" 
pet Taofiguo ett mur varia 1S S00. liek brie elsHfpdy TAET qreitiod bnd wen (SOUP 


early ote ‘(li ery 556 ceq0'8 & did? tat yo 2 menace 
gone gieagy rolieion 1 eae) Of Suh berricia ¢ 2 SQUAD BEE BT, Lapin to et 
ert 25 taphrorgty sh weaale orize th tiron ng oO) Oe 

onAR? | bok. aia YS OSE WIL NSMNGs Sb 4 Setgrgrpo 

raat leper dem 2) O9G28 sel Tea Sit Mia Tome it eey) were 

eens aesK inoAone to 675 sarneryye fats ThA subi ae pia a 

yeni teeagele sort “ated tawonwerne Wart eect yl) ee e 
5b zy FXG!) 638 soAoMeH vo baie dais ci at’ .WeOe to esitiinewp iow) 


aminiia aed KSIQMSD Cr slucrtror non anne one amlEG she ae pneanen € 
& a Ty he 


Henlent grirwly eos Bmyo wo S78 Po Arwo p ert nye aiarnas aide pall cong 


ay 


bey se izeuoeth eit to sneiteangen ont 


Thi 
ail 


Gfiyey to Varn Ss ote oO wy tacts 


cofumee y aboalbed Bil rl serge Ney eet ao ks Sas, ~ anetie Sahat ta & 


» ? q 
_—— aqole 1o.eGrian sory MWh 396 ya | ng "907 34 aaiebakan: 
AQuiont neva Sans) flefmwone th), vei. (etéqe TARO pip ti 


sadmnacet) fb 1893591091) cio Ons gieut ie boon 1y9994 pareve aaneuat 
ne pepe fan wide 6 in viors To Bon :sanitenhy lathes art aner a 


' : 
Ager! ghangaome ydihele wie:ds i ok i p wr A 
pope ae ee Ud Ivo Setod 24. TevENe 


5 


48 


rapid snow depletion on south-facing slopes. By the same token, a pattern of preferential 
snow accumulation on north slopes would undoubtedly ensure a maximum differentiation 
in both spatial and temporal rates of snow depletion between north and south slopes. 

To date, there has been no research conducted on the relationship between slope 
aspect and snowmelt progression in badlands. However, anumber of workers (Beaty, 
1972; 1975; Yair et a/., 1980; Churchill, 1981; Yair and Lavee, 1982) have considered 
the possible influences of aspect on slope moisture retention, infiltration, and erosional 
response on badland materials under rainfall conditions. These studies will be examined 
under the Badland Erosional Mechanisms And The Geomorphic Role Of Snow section of 


this chapter. 


2.3.1.3 Vegetation 

Akin to albedo and aspect, the extent of vegetation present also modifies the 
amount of incoming solar radiation reaching the snowcover, and nence snowmelt rates. In 
general, it is accepted that short-wave radiation transmission decreases with an increase in 
landcover or forest canopy. Thus, it is expected that snowmelt in areas of little vegetation 
would proceed more rapidly than in zones of dense vegetation. This is acknowledged by 
Anderson (1972) who cites examples of snowmelt research conducted in two watersheds 
of differing landcovers. 

During the 1968 - 1969 snow season, both the Sleepers Creek watershed in 
Vermont (Hendrik et a/., 1971) and the Rock River watershed in lowa (Paulhus, 197 1) 
received record snow accumulation, yet spring flooding was experienced only in the latter 
region. This was attributed to the fact that snowmelt in the heavily forested watershed in 
Vermont continued relatively slowly for a full month, whereas the lowa catchment, 
exhibiting no forested areas and a generally flat terrain, experienced a rapid melt period 
lasting only six days (Anderson, 1972). In the Rock River watershed, the combination of 
little differential melt as induced by topographic aspect, and lack of a forest cover 
permitted greater direct radiation penetration to a larger ground surface area, resulting in 
rapid melt, and severe flooding. 

In further testimony to the importance of vegetation in regulating solar radiation, 
Packer (1962), working in a pine forest in the Columbia River basin (USA), found that 


snowpack water content increased proportionately with the degree by which canopy 
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openings were created or expanded. In explanation, Packer cites increased melting 
activity permitted in these unshaded open areas. 

In addition to vegetation influences on insolation, Hendrie and Price (1978) and 
Price et a/. (1978) report that a forest cover also reduces the turbulent exchange of 
water vapour between the atmosphere and snowcover by restricting wind velocity. From 
this, it may be deduced that snowmelt and evaporation will proceed more slowly in 
forested areas, where vapour pressure gradients are naturally reduced. 

It is apparent from the above discussion that the sparse vegetal cover displayed in 
the badiands will have a negligible effect on retarding snowmelt rates. It may be that 
grass-covered alluvial terraces or vegetation-lined gullies retain snow for longer periods 
due to a slight increase in the shade afforded. However, plant he/ght in these areas is 
generally very short, and thus protection from insolation, and resulting variations in 
snowmelt lag time between these and unvegetated areas is probably insignificant. 
Furthermore, it is unlikely that vegetation-induced differential melt (if realized) would have 
much effect on causing a lag in runoff rates, because, like rain, most snow lying upon 
highly absorbent vegetated flats and upper grassed surfaces becomes lost via infiltration 
and evaporation, rather than contributing to overland flow or other forms of runoff, 


regard/ess of its rate of melt. 


2.3.1.4 Cloud Cover 

A daytime cloud cover serves to inhibit incoming radiation but may also hinder 
outgoing (long-wave) radiation if present during the night. Cloudcover may therefore 
produce temporally vacillating effects on snowmelt. Gray (1970) gives a detailed account 
of the reversing consequences of these temporal variations. As skies in the western 
prairies are typically cloudless at night because of low humidity, relatively large amounts 
of long-wave radiation may be lost, possibly resulting in a greater heat escape during the 
night than that amount gained during the day. This daily net heat loss serves to retain low 
snowpack temperatures, and may aid in the refreezing of soil or partially melted snow at 
night (Gray, 1970). Conversely, Gray (1970) contends that during the melt period 
especially, the occurrence of a nocturnal cloud cover would reduce long-wave radiation 


losses and encourage continued melting through the evening. 
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2.3.2 Snow Disappearance as Influenced by Sensible Heat Parameters 

Discussion has concentrated on factors which affect a variability of snowmelt in 
terms of the availability of energy derived through the penetration of d/rect solar 
radiation. In most cases it is accepted that the factors involved in direct radiation heat 
exchange are responsible for major snowcover depletion. However, factors included in 
the transfer of sens/b/e heat to the snowcover are also important to the study of snow 


dissipation. 


2.3.2.1 Temperature 

Air temperature is a principal factor determining the sensible heat exchange of a 
snowcover. However, although it may be important, temperature alone is not an adequate 
indicator of snowmelt or runoff rates (Davar, 1870; Dunne and Black, 1971). In fact, the 
heat gained from the overlying air surface actually reflects an integration of the effects of 
temperature (sensible heat transfer) and solar radiation (Collins, 1934; U.S. Army Corps 
of Engineers, 1956; Wisler and Brater, 1959; Ostrem, 1964; Dunne and Black, 1971; 
Ward, 1975; and others). Gray (1970) claims that on the prairies, no appreciable melt 
occurs as an outcome of a temperature rise until the mean daily temperature is greater 


than 4.4°C. 


2.3.2.2 Sublimation and Evaporation 

Sublimation and evaporation of the snowcover also occur mainly through sensible 
heat transfer, although the significance of these mechanisms is debated in the literature. It 
is often stated that strong, dry chinook winds create a substantial vapour pressure 
gradient between the snow surface and overlying air, as well as sufficient atmospheric 
turbulence, to produce conditions conducive to convective heat transfer and hence 
snowpack subiimation or evaporation (Louie, 1977; and others). However, it is also 
claimed (e.g. Hoover, 1948; Diamond, 1953; Linsley et a/., 1958; Gray, 1970; Williams, 
1970; Ward, 1975) that direct sublimation and evaporation losses from the snowcover 
are very small as compared to the amount of meltwater produced. In other words, heat 
transferred from warm chinook winds to the snowcover is more likely to result in 
snowme/t rather than sublimation. This is mainly attributed to energy requirements 


necessary to invoke these respective phase changes; at O°C, it requires approximately 
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2826 Jg to sublimate snow (solid to gaseous phase change), but a heat of fusion of only 
335 J g? to melt snow (solid to liquid phase change). 

In addition, Linsiey et a/. (1958) assert that sublimation or evaporation of the 
snowcover can only occur when the vapour pressure of the overlying air is lower than 
that of the snow surface, or when the dewpoint is less than the snow temperature. 
Sublimation halts once the dewpoint temperature reaches O°C, and melting commences. 
Therefore, it is argued that the rate of snowmelt far exceeds that of sublimation when 
temperatures are above freezing as is often the case during chinook winds. 

There are two Important considerations to add to the above discussion. Firstly, 
although sublimation is generally regarded as minimal by most researchers (even during 
cold temperatures), it is possibly facilitated under conditions of blowing snow (Linsey et 
a/., 1958; Dyunin, 1967; Schmidt, 1972; Tabler, 1975; Gray et a/., 1978; Kind, 1981). 
As aresult of laboratory testing, Schmidt (1972) found that during blowing snow, "the 
sublimation rate nearly doubles for each 10°C rise in ambient temperature in the range 
between -20°C and 0°C". However, it is questionable whether blowing snow is 
widespread or common under warmer chinook conditions, when melting of the 
snowcover may prime the pack with water, increasing cohesive forces and snowpack 
density, and reducing snow transport capacity. 

Secondly, once melting begins, evaporation may proceed more easily, especially 
from a free water surface such as that created by ponded meltwater (Gray, 1970). Bruce 
and Clark (1966) found that at an air temperature of 5°C most of the convected sensible 
heat transferred to the snowpack is used to melt snow, but that at higher temperatures 
(e.9., 20°C), excess energy may produce both snowmelt and evaporation simultaneously. 
It is suspected that evaporation losses from meltwater produced at the snow surface 
under chinook conditions may be minimal as water thus produced may, in some cases, 
refreeze onto the surface snowpack (Golding, 1978). Also, since the vapour pressure of 
warm chinook air is lower than that at the air / snow interface, condensation of 
atmospheric water vapour onto the snowcover may occur, and hence in itself add more 
water, or generate it through latent heat released. Bruce (1962) supports the notion that 
the effects of condensation may outweigh snowpack evaporation losses. However, 


Golding (1978 , p. 1651) claims that snowpack condensation is rare during chinooks due 
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to the need for the combination of high temperatures and high relative humidity, the latter 
of which is generally not recognized during chinook activity. Working in the Bad Lake 
research watershed in the prairies of southern Saskatchewan, Granger et a/. (1977) also 
found that evaporation usually exceeds condensation (under normal winter conditions), but 
that condensation dominates when night-time radiation losses are large. 

Hutchinson (1966) and Solomon et a/. (1975) found that evaporation losses during 
the snowmelt period are substantially higher from exposed soil surfaces than from 
adjacent snowpacks, during both day and night. This is mainly attributed to the fact that 
the vapour pressure of melting snowcover is set at a fixed value of 611 Pa, 
corresponding to O°C, whereas that of a wet soil is not. Soils generally display a higher 
albedo thus permitting more energy absorption, higher soil temperatures and greater 
evaporation (Hutchinson, 1966). 

A number of researchers have attempted to estimate snowmelt evaporative losses 
during chinooks. Employing evaporation equations based on 19 years of data, Louie 
(1977) calcualted potential evapcration amounts of 71.5 mm and 115.8 mm at Caigary and 
Lethbridge respectively, for a representative winter period extending from December 
through March. In the eastern slopes of the Albertan Rocky Mountains, Golding (1978) 
found during 1975 and 1976, that actua! snowmelt evaporation respectively amounted to 
50% and 76% of that calculated by Louie (1977). Marsh (1965) noted chinook influences 
On evaporation but could not estimate quantitative losses. Williams (1970) maintains that 
an accurate assessment of evaporation is difficult, and that (p. 318) "from a hydrological 
viewpoint, evaporation losses from a iarge watershed are likely to be less than the errors 
in obtaining samples of tne total water content of the snowcover”. Male and Granger 
(1978) support this view in stating that predicting losses from a patchy snowcover are 
especially problematic. 

Although the processes of direct snowpack sublimation and evaporation are 
recognized, they are generally believed to promote only a small percentage of total snow 
disappearance. Additionally, most evaporation occurs after the production of meltwater, 
from exposed areas surrounding the snowcover. This loss may constitute a significant 
percentage of water disappearance in the badlands. Due to geographic location and thus a 


lower chinook frequency, however, it is reasonable to assume that losses are likely to be 
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less than those offered by Louie (1977) and Golding (1978). Evaporation losses may also 
be reduced by a spatial-temporal factor working in conjunction with impermeable 
materials and lack of vegetation. That is, runoff, facilitated by an impermeable ground 
surface and sparse amounts of infiltrating vegetation surfaces, may rapidly travel the 


relatively short distance to the watershed outlet before significant evaporation can occur. 


2.3.2.3 Ground Heat Flux, Rain-On-Snow Events 

On the prairies, ground heat flux, or that amount of sensible heat energy 
conducted from the ground to the overlying snowpack is generally regarded to be very 
small, having little affect on snowmelt production (U.S. Army Corps of Engineers, 1956; 
Bruce, 1962; Gray, 1970; O'Neill and Gray, 1971; Smith, 1974; Male, 1980; Male and 
Gray, 1981). Bruce (1962) contends that like evaporation, condensation may also offset 
snowmelt generated by this process. Rain-on-snow events, in which raindrops transfer 
sensible heat to the snowcover may cause considerable melt as well as increases in 
snowpack water content. However, these events are deemed rare in the southern prairies 
(Vershuren and Wojtiw, 1980), as most snow is already gone by the onset of the first 
spring rainstorm. Isoline data prepared by McKay and Thompson (1968) indicates tnat the 
mean date of final snow disappearance in the study area lies between the 11th and 21st of 
March. 

The complex interactions of heat-energy parameters, along with initial snowfall 
variability and snow reaistribution cause both temporally and spatially-diverse snowmelt 
rates and quantities. This in turn complicates the accurate measurement of snowpack 
characteristics and areal extent, information which is vital to the assessment of potential 
meltwater availability within a catchment. Nevertheless, previous research and field 
observations of snow accumulation and distribution patterns, and those factors most 
influential to snowmelt show the potential impact of meltwater on watershed runoff and 


geomorphology. 


2.3.3 Snowmelt Runoff 
Just as there are numerous variables which affect the amount and rates of 
snowmelt, there are many which influence both the amount and nature of watershed 


snowmelt runoff. Primary factors, drawn from many studies and descriptions of 
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snowmelt runoff are: 1. snow/ water availability (quantity and location), 2. snowmelt rate 
(as governed by energy balance parameters), 3. landcover (vegetation extent), 4. 
topography (slope steepness), 5. ground surface and subsurface porosity and 
permeability, and 6. ground ‘conditions’ (frost or frozen soil presence). Since factors 3, 
4 and 5 similarly influence the amount and nature of runoff under rainfall as well as 
snowmelt, the following discussion focuses on the relative importance of the three 
remaining variables. 

Snow availability is obviously a prerequisite for spring runoff in that its presence 
must be sufficient to survive the effects of winter evaporation as well as the 
runoff-inhibiting characteristics of the remaining five variables. Even so, and as an 
extreme example, the combination of slow melt, dense vegetation, flat terrain, high soil 
porosity and permeability, and lack of frozen ground may easily inhibit appreciable spring 
runoff despite a seemingly adequate supply of snow. As mentioned earlier, the location 
of snowpacks or distribution pattern may control runoff source areas, but this also largely 
depends on the relationship between snowpack location and the other variables governing 
runoff susceptibility in these areas. For example, Gray et a/. (1978) maintain that the 
magnitude of runoff generated from differing land cover classes in the prairies may 
appear completely opposite to that expected. That is, although considerably more snow 
may be retained by more densely-vegetated areas, these same areas typically generate 
much less snowmelt runoff. 

The rate at which snow melts during winter and spring is significant to water 
production, and, as stated by Anderson (1972, p. 3)”"...1s the most important factor in 
determining the runoff from a snow cover”. This statement is clearly evident in situations 
where very slow snowmelt allows ample evaporation and infiltration, and hence little 
runoff. Conversely, rapid melt induced perhaps by chinook conditions may cause 
infiltration and sorption capacitites of materials to be exceeded. Indeed, Ward (1975) 
maintains that chinooks may cause quick melt, leading to generous runoff production and 
streamfiow hydrographs with peaks that are very similar to those observed during 
rainstorms. However, these examples also indicate that the runoff variables which 
influence material infiltration (i.e. porosity / permeability and ground conditions) are 


perhaps equally important to runoff production. In fact, Price et a/. (1978, p. 265) claim: 
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"by far the most important control on the size and form of basin outflows is exercised by 
interactions at the soil surface’. 

Bengtsson (1982) points out the significance of ground conditions in his brief 
review of the two most widely held theories of snowmelt runoff. In one instance, slow 
melt leads to sustained infiltration (assuming ground materials are readily permeable), with 
most runoff derived by groundwater or subsurface flow. In the second case, the 

resence of frozen soil beneath the snowcover permits runoff as overland flow by 
restricting the permeability properties of the soil. Popov (1972) claims that previously 
weli-moistened soil becomes virtually impermeable under temperatures of -2°C to -3°C. 
Bengtsson (1982) astutely remarks that depending on soil characteristics and climatic 
conditions (i.e. the timing of pre-freeze events), both theories may be correct. Thus, it 
appears that snowmelt rate, soil porosity / permeability and the thermal state of the 
near-surface ground at the time of melt are jointly and dependently responsible for 
controlling basin runoff efficiency during snowmelt. 

The significance of ground frost and its affects on snowmelt runoff are 
increasingly recognized in the literature (Dreibelbis, 1949; Schiff and Dreibelbis, 1949; 
Gray, 1970; Dunne and Black, 1971; Landalls and Gill, 1972; Popov, 1972; Colbeck, 
1974; Beven and Dunne, 1982), but as emphasized by Anderson (1978, p. 338), current 
snowmelt runoff models do not include considerations of the possible effects of frozen 
soll. 

The presence of frozen soil produces unique effects on runoff patterns, and 
creates particular partial and variable area runoff patterns and hydrograph responses. In 
northeastern Vermont, Dunne and Black (197 1) noted a widespread presence of ‘concrete 
frost’ (formed by mid-winter melt, percolation, and refreezing) to depths of 30 cm in the 
normally porous and permeable top soil.’ They found large amounts of surface runoff 
emanating from a steep, snow-covered south-facing slope where slope angle permitted 
optimum solar radiation receipt, a favourable gravitational gradient, and concrete frost 
enhanced runoff by prohibiting infiltration. 

Dunne and Black (197 1) also found that the spatial extent of frozen soil was 
sufficient to allow uncharacteristically high quantities of overland flow. In fact, runoff 


7 As defined by Glossary of Geology (1980) concrete frost is "an extremely dense 
structure consisting of many thin ice lenses and small crystals’. 
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data provided yields the extremely efficient runoff coefficient of 47.6%. Furthermore, 
they ascertained that freshly exposed concrete frost remained in a frozen state for 
approximately 24 hours, and that the distribution and pattern of melting of this frost were 
of great significance in controlling the area that could contribute to surface runoff at any 
time” (p. 1170). This connection between differential melt and time-dependent, 
partial-area generation of overland flow is also discussed by Beven and Dunne (1982, p. 
278) who also maintain that "the role of frost ....and the level of saturation of the soil are 
both important in governing the relative amounts of meltwater following fast surface and 
slow subsurface flow”. 

This variability in snowmelt escape methods may have a profound affect on the 
size and shape of the snowmelt hydrograph (Dunne and Black, 1971; Dunne, 1978; Bevan 
and Dunne, 1982). Through model testing of snowmelt runoff on simulated hillslopes that 
assumed similar ground conditions as those observed in Vermont by Dunne and Black 
(197 1), Bevan and Dunne (1982) determined that peak discharge occurs very quickly and 
sharply after peak melt on slopes where frost presence prevents any subsurface flow. 
On the simulated plot displaying a mixture of ground frost and frost-free or thawed soils, 
peak runoff was fairly rapid, with smoother, yet distinct diurnal peaks. Similar results 
were obtained by Bengtsson (1982) through experimentation on simulated impervious 
plots. He contends that "discharge in a stream in a basin which is dominated by overland 
flow follows the diurnal snowmelt fluctuation and is high from the first day of snowmelt’ 
(phar): 

Dunne and Black (197 1) also recognized a strong diurnal runoff pattern which 
closely followed the daily changes in temperature and especially short-wave radiation 
receipt. However, such rapid and sharply defined hydrograph peaks as those later 
predicted by the simulated experiments of Beven and Dunne (1982) were not strictly 
observed in the field due to the slight lag afforded by inter-snowpack water percolation 
and displacement as mainly determined by snow depth (Dunne and Black, 1971 ; Beven and 
Dunne, 1982). As seen through the work of these researchers, hydrograph response 
during snowmelt can often be closely linked to soil-snow interactions, with peak discharge 
and hydrograph shape altering with variations in flow routes as primarily determined by 


spatial frost extent and its rate of melt. 
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In the prairie environment, the relationship between frozen soil conditions and 
runoff is recognized in some snowmelt studies (Gray, 1970; Male and Granger, 1978), but 
is generally not considered to be a very important runoff factor. When asked if runoff 
appears on the prairies as aresult of chinook activity, Gray (1970, "discussion’) replied 
that appreciable runoff occurs when soil temperature is low, or when highly moist, frozen 
soils permit favorable runoff conditions. Male and Granger (1978) contend that melt 
begins in March or early April in the Bad Lake watershed in southern Saskatchewan, and 
that soils are typically frozen at this time. However, runoff here appears 3 to 4 days after 
initial melt begins due to surface ponding activity. Research in the Wascana Creek 
watershed near Regina, Saskatchewan (Gray et a/., 1979) reveals a 3- to 4-day difference 
between peak runoff rates of flatlands versus gullies, with the latter areas contributing 
36.2% more peak daily runoff than flatlands. The possible influence of frozen soil is not 
discussed in this study, nor by Gray et a/. (1978) who stress that landcover is a major 
determinant of variations in prairie runoff generation. In their investigation of snowmelt 
recharge on short grass prairies in the U.S., Van Haveren and Striffier (1976) make no 
mention of frozen soil, and maintain (p. 56) that due to high annual water deficits and 
evapotranspiration, ‘runoff from snowmelt is rare, or at best is a very minor component 
of the hydrologic cycle”. 

These studies demonstrate that in the prairie environment, landcover (vegetation 
type and extent) and local topography are primary runoff-inhibiting factors, and that the 
presence of frozen soil may be of secondary importance. Although frost may preclude 
initial meltwater infiltration, the levelness displayed by a great portion of the prairie terrain 
is conducive to surficial meltwater ponding, resulting in slightly delayed and rather slow 
infiltration as opposed to widespread overland flow or other types of runoff. However, 
the opposite and virtually anomalous situation may be recognized in the badlands, where 
sparse vegetation and steep slopes are highly favourable to rapid and generous runoff. 

In addition to vegetation and topography, the other primary runoff-determining 
factors of ground porosity / permeability, ground conditions, and snowmelt rate are highly 
advantageous to runoff production in the badlands. The impermeable nature of surface 
materials favours runoff, which may be enhanced further by the presence of frozen 


ground. Snowmelt rates are likely to be rapid (although spatially variable), during both 
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mid-winter and spring, due in part to an overall lack of surface shading by vegetation, and 
to high temperatures accompanying chinooks which accelerate melting by snowpack 
absorbtion of direct solar radiation. 

Although the relationships between these runoff parameters can be complex and 
variable from one region or watershed to another, there appears to be some uniformity in 
snowmelt and runoff response from year to year within a particular catchment. This idea 
is strongly endorsed by Leaf (1971) who, working in three experimental forested basins in 
central Colorado, found that 

each watershed has a characteristic relationship between snowpack depletion 
and runoff that apparently does not change appreciably, even though the 
amount of snowpack and weather conditions which produce runoff each year 
vary considerably. 
This statement is encouraging in that it provides support for the development of a theory 


on snowmelt runoff response in the badlands based on short-term field observations of 


snowmelt parameter relationships. 


2.4 Badland Erosiona!l Mechanisms and the Geomorphic Role of Snow 

Once snow becomes meltwater, its effects on badland materials are, with few 
exceptions, virtually the same as those of rainfall runoff. Therefore, areview of badland 
erosional processes operating under rainfall conditions simultaneously illustrates some 
important aspects of snowmelt erosion. An appraisal of geomorphic processes unique to 
either rain or snow is also valid, as it may demonstrate a seasonal preference in the spatial 
application of moisture and hence erosion. In adddition, the state of the moisture (i.e. 
liquid water or solid ice) contained in near-surface materials may lead to seasonal 
fluctuations in erosion mechanisms and material response. These ideas are considered in 
accordance with past geomorphic research on the effects of rainfall and snow (and ice) in 
badlands. Pertinent studies from other regions are also included, as much information 


regarding the role of snow and Ice ts lacking in the badlands. 


2.4.1 Badiand Erosional Processes under Rainfall 
Bryan and Campbell (1980) maintain that sediment movement during rainstorms in 
the Alberta badiands is primarily induced by surface and subsurface wash, rainsplash, 


rain-induced creep, slumping, and mudflows, though these processes vary according to 
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lithology. Sandstones are mainly subjected to degradation of the weathering rind by 
unconcentrated and concentrated surface wash, associated with runoff as overland flow 
as previously described. Bryan et a/. (1978) show through the use of dye tracers that 
raindrop impact is also an effective agent of sediment entrainment. Field study on the role 
of raindrop impact and sheetwash on Alberta soils (Bryan, 1979) reveals that rainsplash 
may cause material degradation in areas upslope of those experiencing sheet flow, and 
that drop impact farther downslope can alter hydraulic flow patterns and reduce 
sheetflow velocity by creating local turbulence (Yoon and Wenzel, 1971; Bryan, 1979). 
Due to the highly dissected nature of most sandstones, Bryan et a/. (1978) logically 
concluded that most material is removed by flow in rill channels. They also maintain that 
sediment yield per unit area is less on sandstones than claystones, but that threshold 
precipitation necessary to entrain sediment is lower (0.37 mm in 1 min. verses 4.75 mm in 
10 mins.). Thus, sandstones experience a higher rate of surface erosion. 

Schumm (1956) explains similar denudation processes operating on the sandstones 
of the Brule Formation in the White River badlands of South Dakota. He contends that 
rainwash, by which material is removed by sheets of flowing water, is the main erosional 
mechanism acting on these slopes. Akin to the findings of Bryan et a/., 1978), Schumm 
(1956) surmises that slope erosion occurs twice as rapidly under rainwash than by 
processes deemed responsible for erosion of shale slopes (to be discussed). 

Surface flow erosion ts also recognized on claystone units of the Alberta badlands 
(Bryan et a/., 1978), along with a variety of other entrainment mechanisms. Rainsplash is 
likewise considered an active process, and was seen to induce particle detachment by 
micro-siumping during simulated rainfall experiments (Bryan et a/., 1978). It is interesting 
to note, however, that raindrop impact is a fairly inactive erosional agent on the badland 
shales of Israel (Yair et a/., 1980). There, 

the high stability of the clay aggregates, which do not disperse easily under the 
impact of raindrops, contributes also to the low rate of erosion by minimizing 
the effect of rainsplash which is usually an important agent in both sealing the 
surface and providing detached particles... (p. 223). 
The apparent higher stability or anti-dispersing quality of the clay aggregates of the Taqiya 
shales versus the Oldman claystones is attributed to the strong flocculation properties 
possessed by the clumps as well as the limited swelling capability described earlier. On 


shales, most sediment is derived from surface depressions, in which particle 
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dispersement through water immersion (liquefaction) provides material for removal via 
channel or mudflows. 

As noted by Hodges and Bryan (1982) rainsplash is an erosional mechanism solely 
recognized during rainfall and its effects are therefore minimal during winter. Quantitative 
estimates of rainsplash erosion are difficult to obtain however, and compounding this 
problem is a lack of research (and methodology) dealing with the possible seasonal! 
implications of this time-varying process. In addition, the situation may be further 
obscured by the presence of a seasonal “counterpart” to rainsplash; that is -- mechanical 
abrasion or corrasion by wind-driven snow particles. Beaty (1975) invokes the idea of 
corrasion by post-glacial, wind-directed rainfall and snowfall to explain initial formation 
and alianment of coulees and gullies developed in Late Cretaceous sandstones and shales 
of southern Alberta. However, it is questionable whether the possible effects of snow 
particle erosion are comparable in magnitude to rainsplash, or even significant at all in the 
badlands. 

Studies conducted by Heim (1885, in Teichert, 1939) and Bird (1967, in French, 
1976) reveal that ice/ snow particle hardness attains an approximate value of 6 on the 
Moh’'s scale at a temperature of -50°C. Blackwelder (1940) found the same hardness 
value at -78.5°C, and states ”...1f....at low temperatures its hardness rises to 5 or 6, ice is 
then hard enough to abrade limestone, shale, and many other common rocks..." (p. 62). 
Support of the corrasive powers of snow Is given by Teichert (1939) in his discovery of 
abrasion features on sandstone in Greenland. He attributes their formation to snow 
corrasion or abrasion by "very small quantities of dust” but not to blowing soil particles 
due to the absence of land upwind of the prevailing wind direction. French (1976) also 
backs the effectiveness of snow corrasion by maintaining that most wind erosion 
occurring in high latitudes is accomplished by snow particles. 

However, there is no evidence to suggest that snow abrasion occurs in places 
other than high latitude regions where temperatures are low, snow particle hardness Is at 
its maximum, and expansive treeless plains permit strong winds throughout typically long 
winter seasons. Koch and Wegner (1930, in Teichert, 1939) estimate ice hardness at 
between 2 and 3 at a temperature of -15°C. It seems valid to assume on this basis, and 


from the above statement made by Blackwelder (1940), that its corrasive ability is 
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negligible on most rocks at winter temperatures commonly experienced in southern 
Alberta. Both Embleton and King (1975) and Thorn (1979) maintain that blowing snow its an 
inert geomorphic process unless accompanied by very low temperatures. Beaty (1975) 
shows that post-glacial and current prevailing winds in southwestern Alberta were and are 
from the southwest, as a direct result of chinook activity. It appears highly doubtful that 
these warm winds could permit such low temperatures needed for snow crystals to 
initiate aligned bedrock furrows, although the action of wind-driven rainfall, as also 
suggested by Beaty (1975) may be a feasible cause. It should be mentioned that Beaty's 
proposition of subsequent enlargement of these gullies by runoff from rain and snowmelt 
from preferentially-distributed snow drifts within these gullies is an acceptable and highly 
probable means of surface denudation. Snow corrasion however, must be of little 
significance to winter erosion in the badlands. 

In the Alberta badiands, surface slumping and mudflows are considered dominant 
sediment movement processes and the major causes of slope retreat on claystone units 
(Bryan et a/., 1978 ; Bryan and Campbell, 1980). Under simulated rainfall experiments 
(Bryan et a/., 1978), active slumping of a convex interfluve was observed, followed by a 
viscous mudflow. According to Bryan et a/. (1978), slumping on both gentle and steep 
claystone slopes results from rainwater percolation through the regolith to the underlying 
dense crustal layer, where water concentration or lateral flow creates positive pore water 
pressures, decreased material strength, and finally, a slump, with slip plane located at the 
junction between the surface material and crust. The slump is often followed by a 
mudflow, and micro-slumping of the slump scar headwall is also an active process. 

Schumm (1956) maintains that creep due to gravity and alternating wet and dry 
sequences is the dominant erosional process occurring on the shale slope of the Chadron 
Formation in the South Dakota badlands. Upon applying water to shale slopes with a hand 
pump, Schumm (1956) observed a downslope sliding and micro-slumping of individual clay 
aggregates, triggered by swelling and softening activity. A continuous cycle of hydration 
and dehydration thereby allows aggregates and smaller particles to slowly traverse down 
an entire slope surface. Schumm also suggests sediment movement by upslope filling of 
desiccation cracks, rainbeat, as well as slumping activity. Although rain-induced creep is 


also recognized on claystone slopes in the Alberta badlands, Bryan et a/. (1978) and Bryan 
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and Campbell (1980) assert that major sediment contribution is afforded by slumps and 
mudflows, and that these processes are much more important than either rainsplash or 
creep, provided a particular threshold value of precipitation is reached. 

Apart from rainsplash, all the above-mentioned erosional mechanisms may 
conceivably operate under snowmelt as well as rainfall, provided there is an adequate 
moisture supply and it is favourably distributed within the watershed. Another 
denudational mechanism assumed common to rainfall and snowmelt is the fluvial 
undermining of slopes by primary channel flows. Essentially, this form of erosion Is 
similar to that operating during concentrated rill flow, with the main difference being one 
of scale. The creation of erosional niches by fluvial undercutting occurs ephemerally 
along many higher order (i.e. primary, secondary, and tertiary) drainage channels of the 
watershed, and quite often leads to mass movement in the form of catastrophic slope 
collapse. Undermining in itself may lead to slope failure by reducing basal slope support 
and thereby optimizing the affects of gravity. Or, as witnessed in the field during a 
November 1981 rain shower, collapse of the undercut slope may be enhanced by the 
material strength reduction also afforded by rainwater infiltration and sorption processes 


(Figures 2.3 and 2.4). 


2.4.2 The Role of Freeze - Thaw 

The most questionable erosional processes operating in the badlands during the 
cold season are those of freeze-thaw weathering, including creep induced by frost heave 
and needle ice growth, and frost shattering of rocks. The latter process in particular is in 
question due in part to the fact that the mechanism(s) involved in material disruption is not 
clearly understood or agreed upon, and lacks "definitive verification” (Thorn, 1979; 1982). 
Thorn and Hall (1980) and Thorn (1982) maintain that the failure to design laboratory tests 
which can isolate and define a specific process rather than multiple processes, and the 
failure to consider natural conditions also confuses the understanding of freeze-thaw 
weathering. Compounding this situation is the fact that the role of freeze-thaw in semiarid 
areas is typically considered through inference and speculation, with limited in-field 
observation. With these inadequacies in mind, a summary of some of the processes 


thought to operate under freeze-thaw is nonetheless given, along with theories on its 
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Figure 2.3. Slope failure on a claystone slope unit. Collapse was triggered by fluvial 
undermining and material saturation during a November, 1981 rainstorm (photographed 
one month later). 


Figure 2.4. Relict collapse scar in a sandstone unit of a lithologically—integrated slope. 
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function in the badiands and other semiarid areas. 


2.4.2.1 Frost Heave and Needle Ice Formation 

According to the Dictionary of Geological Terms (1976), frost heaving is "the 
lifting of a surface by the internal action of frost’. More specifically, Miller (1980, p. 286) 
states, "if soil expands when it freezes, this volume change is calied frost heave”. Past 
experiments have established that water expands by approximately 9% upon freezing to 
ice, and most researchers readily deploy this axiom to explain soil disturbance observed 
during cold weather. 

It is commonly held that soil disturbance or expansion occurs upon the freezing of 
water into ice crystals, veins, or lenses, which occupy void spaces between particles or 
groups of particles. It is said that ice growth occurs not only in pre-existing voids, but 
aids in the creation of new ones. This assertion is made by Miiller (1980) who insists that 
ice-filled cracks are not simply cracks that have become ice-filled, but rather, cracks 
created by ice intrusion. Support is given by Hillel (1980) who maintains that expanding ice 
creates cavities (ice-filled) which are capable of compressing and separating soil 
aggregates. Miller (1980) further contends that the net heave of a soil represents the 
volumetric expansion of all the ice forms contained in the soil. 

There are several conditions which control the occurrence and extent of soil ice 
formation and frost heave. Early laboratory experiments conducted by Taber (1929) led 
to the currently-standing conclusion that subsurface ice growth depends on: 1. the 
amount of water available, 2. particle grain size, 3. size and percentage of voids present, 
and 4. rate of cooling. It is a widely held conception that subsurface ice vein and lens 
formation proceeds as water from below is drawn by capillary flow into a 
downward-migrating freezing zone (Williams, 1957; Dirksen and Miller, 1966; Baver et 
a/., 1972; Miller, 1980; and others). For ice crystal growth, water is drawn from 
surrounding particles to ice growth centres (Baver, 1956; Baver et a/., 1972). A limited 
water supply (requirement #1) necessarily restricts the magnitude of ice growth. 

Factors 2 and 3 are especially critical to soil heaving, as they largely determine 
capillary conductivity and thus the frost susceptibility of a given soil. Baver et a/. (1972) 
assert that water flow to the freezing front is facilitated with an increase in capillary 


conductivity, and that the formation of ice layers is therefore more pronounced in soils 
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coarser than clays. However, soils which are too coarse, that possess large pore spaces, 
may preclude capillary flow. Thus Miller (1980; and others) maintains that the heave 
effects of freezing are fairly minor in gravels and coarse sands. By the same token, very 
fine-grained soil or rocks with very small voids may also restrict or prevent water 
migration and may greatly reduce or even prohibit the freezing of water already situated in 
these voids (Taber, 1929; Hudec, 1973). 

If flow and freezing are permitted, colloidal soils often develop networks of 
ice-filled cracks dispersed among consolidated pockets of ice-free soil (Miller, 1980). 
However, free ice, in the form of crystals, veins, and lenses may not appear, or may give 
way to the formation of a homogeneous frozen soil if the soil is below capillary saturation 
(Beskow, 1935 in Williams, 1957; Schumm, 1964). Support of this view is given by 
Dirksen and Miller (1966) who found that heaving of frost susceptible soils occurred when 
the saturation level of soil pores just behind the freezing front reached approximately GO 
percent. The consensus among most researchers is adequately summed up by 
Meentemeyer and Zippin (1981, p. 114) who state that ”...soil must be neither too fine to 
retard the flow of water to the freezing plane nor too coarse to impede capillary [flow]. 
On this premise, Miller (1980, p. 288) contends that "under favourable conditions, 
freezing of soils comprised of particles in the size range of silts and coarse (noncolloidal) 
clay can produce phenomenal heaves’. 

The rate at which freezing occurs (requirement #4) also largely determines whether 
or not free ice forms can develop in frost susceptible soils. Baver et a/. (1972) maintain 
that large ice crystals can form in tension-free pore spaces of soils when cooling is slow. 
Likewise, Hille! (1980) comments that the magnitude of ice cavity growth tends to increase 
with a decrease in cooling speed. Conversely, rapid cooling, like the freezing of 
unsaturated soils, may preclude the formation of free ice and merely result in the 
solidification of pore water into a densely-frozen soil mass (Beskow, 1935, in Williams, 
1957; Schumm, 1964). Meentemeyer and Zippin (1981) also stress the importance of 
slow freezing to the growth of needle ice. Called "pipkrake”, these small (2 - 6 cm) 
surface ice pillars require similar growth conditions as other subsurface free ice forms. 

The geomorphic impact of frost heaving and needle ice growth varies, depending 


on the ice content of the soil, and is usually seen after thaw or a number of freeze-thaw 
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cycles has occurred. Just as soil ice is thought to cause surface upheaval in a direction 
normal to the original slope profile, needle ice grows in the same direction, and lifts 
attached soil particles along the crystal stalk and tip. Because of cohesive forces, material 
or individual particles raised normal to a slope surface are thought, upon thaw, to be 
redeposited downslope along the line bisecting the angle formed between the vertical 
drop and the perpendicular path taken above the original slope surface. This essentially, is 
the slow, almost imperceptible process of frost creep. In alpine, high arctic / periglacial 
regions, the melt-out of characteristically high contents of ground ice or abundant needle 
ice often leads to a severe loss of soil strength and ensuing mass wasting by solifluction 
or more rapidly-moving mudflows. 

In areas where soil ice is not widespread or volumetrically large, but where some 
degree of frost heaving occurs, geomorphic significance is often placed on the slower 
mechanism of frost creep, as just described. Such is the case in the frost susceptible 
soils of more arid climates, as illustrated by the work of Schumm and Lusby (1963) and 
Schumm (1964). These studies report that differences in erosion rates and material 
response on the Mancos shale slopes of Colorado are largely due to seasonal alternations 
of effective erosional processes. Whereas summer rainfall causes surface compaction 
of slope materials by rainbeat and degradation by rainwash and a small degree of 
rain-induced creep, winter frost heave is believed to aid in surface loosening and the 
break-up of soil aggregates, as well as downslope soil movement by frost creep. 

Although no mid-winter observations were made during the four year study 
period, small granular ice crystals were seen during late winter within the weathered, 
silty-clay loam soils overlying the Mancos shale bedrock. Stakes implanted in selected 
hillslopes generally showed a seasonal fluctuation in the elevation of these surfaces 
(Schumm and Lusby, 1963; Schumm, 1964). However, there was no detectable net 
exposure of stakes during the study period, but the placement of small, unanchored 
markers onto the slopes revealed significant downslope movement, which was mainly 
attributed to several cycles of freeze-thaw (surface frost creep). Schumm (1964) reports 
the average rate of creep ona 34° slope to be 1.8 cm yr!, and 11.38 cm yr? ona steep, 
82° slope. He remarks (p. 231) that these rates are extremely high, surpassing 


measurements obtained by others in humid regions, and that (p. 235) the results of the 
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study suggest that a re-evaluation of the role of frost action in arid and semiarid areas 
should be made. 

Plot studies undertaken on claystone and pediments in the Dinosaur badlands led 
Campbell (1974; 1981) to deduce that frost heave is a dominant winter erosional process 
in the area. Campbell monitored surface changes over a 10-year period on nine, 1 m? 
plots with the use of a lightweight metal fame and 25 removable erosion pins (see 
Campbell, 1974 for equipment details). Twice annua! measurements (in April or May, and 
October) during the first 5-year period of study generally showed a seasonal cycle of 
surface uplift, similar to that described by Schumm (1964). No winter visits to the field 
were made, nor was surface or subsurface ice observed, but Campbell (1974) concludes 
from data obtained that this seasonal trend is due to the effects of frost heave. Campbell 
(198 1) maintains that winter frost heave and summer slope wash are the two dominant 
denudational mechanisms acting on slopes of the Alberta badlands. Together, these 
processes accounted for a mean annual surface lowering of 3.8 mm yr on the seven of 
nine plots which showed net degradation (Campbell, 198 1). 

Denudation studies have also been conducted on slopes ceveloped in the Oldman 
Formation in the One Four badiands of extreme southern Alberta. Although no evidence or 
elaboration is given, Barendregt and Ongley (1979, p. 228) maintain that these slopes are 
"affected by freeze-thaw action”, and that snowmelt “conditions” (referring presumably to 
runoff) are limited due to the decrease in effective moisture brought on by chinooks. 

An important consideration to the effects of frost heave as surmised by Schumm 
and Lusby (1963), Schumm (1964), Campbell (1974), and Campbell (198 1), is the role it 
plays in the loosening and subsequent removal of surface materials. Both Schumm (1964) 
and Campbell (1974) contend that frost heave causes soil/regolith disaggregation. 
Schumm and Lusby (1963) and Schumm (1964) cite the work of Baver (1956) to explain 
this loosening process by the transfer of moisture from surrounding soil particles to ice 
crystal growth centres situated in soil pore spaces. Citing Baver (1956), Schumm and 
Lusby (1963, p. 3660) and Schumm (1964, p. 222) maintain that "this growth of ice 
crystals...and the simultaneous drying of adjacent soil causes cracking and loosening of 
the dry soil’. Baver et a/. (1972) mention that freeze-thaw and wetting/drying act 


similarly to produce soil disaggregation. In addition, both Hillel (1980) and Miller (1980) 
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support the view that these processes operate in an analogous manner, as they both 
involve the transfer of water away from certain areas of the soil. Hence, Schumm's 
contention that soil loosening due to ice expansion and soil shrinkage through 
frost-induced dehydration is well founded. 

Campbell (1974) does not elaborate on the precise mechanism(s) by which surface 
loosening during frost heave operates, but goes on to say (p. 135) that material produced 
is subsequentiy removed from slopes during the summer rainstorm period. The statement 
made by Campbell and Honsaker (1982, p. 74) that ”...spring runoff from the melting of 
accumulated winter snow may contribute to a small amount of erosion” appears to lend 
support to the assumption that frost-disturbed materials are more effectively disposed of 
during rainstorms. Hogg (1978 , p. 127) asserts that during winter, certain slopes in the 
Alberta badiands "...may be active due to freeze-thaw activity and shrink-swell 
phenomena...”, and that the primary role of snowmelt may be to "...flush out accumulated 
debris in the spring causing high sediment yields during the melt season”. Schumm and 
Lusby (1963) and Schumm (1964) aiso suspect that initial spring rainfalls cause high 
sediment yields, as aresult of the re-establishment of rill channels previously obliterated 
and clogged with frost-heaved soil aggregates. Although the composition of the Mancos 
shales and Oldman claystones are not quite alike and are apparently subject to slightly 
differing summertime erosion and removal processes, there is unanimous agreement that 
some degree of material disturbance takes place during winter as a result of frost heave in 


these semiarid regions. 


2.4.2.2 Frost Shattering 
Other than the process of frost heave, there is little mention of the role that snow 

may play in the mechanical breakage or frost shattering of badland (or semiarid) rock 
materials. A consideration of this subject is warranted, as the Alberta badlands display 
other rock forms (e.g. sandstones, compact claystones, and ironstones) which may not be 
susceptible to frost heave, but which may be subjected to other forms of freeze-thaw 
weathering. Although no monitoring of freeze-thaw processes was undertaken in this 
study, field observations will nonetheless provide useful information to future research on 


this topic. 
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Similar to the mechanism of frost heave, it is widely held that frost shattering of 
rocks occurs as a consequence of ice expansion or ice crystal growth in rock pore 
spaces. Thorn (1979) and Thorn and Hall (1980) review several theories of frost 
shattering as proposed by other researchers. Connell and Tombs (197 1) maintain that 
rock disintegration progresses as the growth of oriented crystals exerts pressure in 
specific places within a rock even though there may be free spaces for potential ice 
growth left unoccupied. The work of Hudec (1973) lends credibility to the notion that 
rock shattering may actually be, in some cases, the work of hydration and dehydration 
rather than freeze-thaw. Supported by White (1976), Hudec (1973) claims that in some 
‘sorption sensitive’ rocks, water filling rock interstices may exert sufficient pressure 
against side walls to cause expansion of pore spaces. Although drying releases this 
pressure, these spaces do not respond by contracting, but remain enlarged. Repeated 
cycles of hydration and dehydration eventually lead to rock breakage due to tensional 
fatigue. However, Hudec (1973, p. 33) maintains that freeze-thaw shattering is a viable 
process in many rocks; that Is, in those which are not "purely sorption sensitive’ or so 
completely sound that no water may penetrate them. Thorn and Hall (1980 , p. 115) 
conclude that "domination by one process or the other ts primarily dependent upon pore 
size and its distribution within the bedrock”. 

For purposes of this review, it is assumed for the moment that rock shattering by 
any of the ice-related theories described above is a valid process. On this assumption, 
Thorn and Hall (1980) cite two fundamental controls that limit freeze-thaw weathering and 
determine the frost heave; the first, and deemed most important, is bedrock porosity, for 
rocks must be able to absorb water to a certain extent before freeze-thaw can operate. 
The second control is the location of meltwater as mainly determined by snowpack 
distribution, as ultimately controlled by winter wind patterns (Thorn and Hall, 1980). 

Once a favourable combination of these controls is established in a given area, 
Thorn and Hail (1980) maintain that the intensity of the freeze-thaw permitted is dependent 
upon the interplay among the amplitude of bedrock freezing, the degree of heat insulation 
afforded by the overlying snowpack, and total direct solar radiation reaching the ground. 
With regard to amplitude, Thorn (1979) and Thorn and Hall (1980) cite several minimum 


bedrock temperature requirements as suggested by other authors, most of which range 
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between -4°C and -10°C. It is also mentioned that many researchers (e.g., Tricart, 1956; 
Wiman, 1963; Martini, 1967; Potts, 1970) also prescribe temperature variation frequency 
(i.€., number of fluctuations above and below freezing) as well as rate of freezing (e.g. 
Wiman, 1963) as important determinants of rock shattering, in addition or in place of a 
minimum amplitude requirement. 

Thorn and Hall! (1980) compiled a listing of some freeze-thaw requirements and 
observations as presented in twelve "widely cited research papers’. Of these works, five 
contend that frost weathering is limited beneath snowpacks due to a restriction in 
temperature amplitudes as caused by insulating effects and lack of solar radiation 
penetration. Two maintain that frost shattering does occur, and the remaining five make 
no reference to the question. Thorn and Hal! (1980) themselves found that moderate to 
deep snow accumulation provides sufficient insulation to prohibit or minimize the freezing 
amplitude of the underlying bedrock. In fact, they found this to be true at both snow 
patch sites monitored in northern Norway, where diurnal variations in bedrock 
temperatures below snowpacks were severly restricted. 

This leads to the consideration of the role of frost shattering in those areas 
susceptible to snow accumulation and hence most commonly associated with the process 
-- slope base headwalis (basal niches) of surface holiows, and areas immediately 
downslope or around the periphery of snowpacks. Most are familiar with the concept of 
mechanical freeze-thaw weathering of surface hollows {also called nivation hollows) and 
cirque headwails. For the latter feature, it is basically believed that bergschrunds allow 
meltwater to penetrate the bedrock of the headwall, where the absence of a snow/rock 
contact also permits a sufficient diurnal temperature variation for freeze-thaw operation. 
For slope base headwall and basal notch formation, an adequate temperature fluctuation is 
permitted by the creation of a gap (mini-bergschrund) by means of radiation heating of 
exposed rock above the contact area (Lewis, 1939), and subsequent melting of the 
interface snow presumably by heat conduction. There is, however, very little 
substantiation of this activity, and as noted by Thorn (1979; 1982), actual measurements 
of diurnal bedrock temperature fiuctuations are few. 

Gardner (1963) monitored bedrock temperatures at two snowpatch sites near the 


Lake Louise district of the Canadian Rocky Mountains. Thermisters were placed in the 
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bedrock headwall, inside a basal notch, just above the snow/rock interface. Among other 
measurements taken were the number of ‘frost alternation days’, whereby one crossing 
above the O°C base temperature in one 24-hour period was considered one frost 
alternation day. Over the entire 27-day summer measurement period, 3 frost alternation 
days were recorded in the headwall bedrock at a north-facing snowpatch site, and only 
one at the south-facing site. However, Gardner (1969} witnessed, at least on one 
occasion, the dripping and refreezing of meltwater onto the headwall notch. Despite 
admittedly little evidence, Gardner maintains that those basal notches formed in limestone 
and dolomite of the vicinity, that do not have an apparent structural or lithological origin 
are probably formed by intense frost action, with the possibility of a chemical solution 
origin. 

Thermistor monitoring of bedrock basal niches was also undertaken by Thorn and 
Hall (1980), who also found that these areas experienced neither a high freezing 
frequency, nor amplitude, due mainly to the effects of snow insulation. This was 
discovered despite previous claims that slope breaks or basal niches are subject to 
optimum freeze-thaw conditions. Based on these results and on the fact that these 
niche / headwali areas contain an ample supply of moisture upon melt, Thorn and Hall 
(1980) cautiously but firmly propose that mechanical rock shattering of these features 
may actually depend on hydration-dehydration cycles or salt weathering rather than 
freeze-thaw processes. Given this hypothesis, one might assume that the most important 
aspect of snow with respect to its mechanical erosion capability is merely its locational 
distribution and reservoir of potential meltwater, with little regard for possible climatic 
limitations and the varied and detailed requirements associated with freeze-thaw 
weathering. 

All twelve references cited by Thorn and Hall (1980) claim, provided other 
requirements are met, that freeze-thaw weathering takes its most significant effect 
around the margins of snowpacks, or, as termed by Lewis (1939), "zones of maximum 
destruction”. in these areas, snowpack insulation is nil, bedrock temperatures are free to 
fluctuate, and moisture is in adequate supply. However, verification of freeze-thaw 
shattering in these areas is still inconclusive, due in part to lack of a strict definition of 


freeze-thaw requirements. This is exemplified by the work of Gardner (1969) who also 
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monitored bedrock temperatures at snowpatch peripheries. He found that freeze-thaw 
events occurred more frequently at snowpatch edges than at the headwall sites, but that 
(p. 120) "although a number of frost alternations occurred in the peripheral zone, the 
magnitude and rate of freezing did not reach the minimum levels for frost shattering that 
have been presented in the literature”. On the basis of morphological evidence (i.e. the 
presence of mechanical weathering debris) and snowpack location, Gardner (1969) 
nonetheless concludes that frost shattering is an active process in the area. 

From this discussion on frost shattering, it is evident that its presence and 
effectiveness Is extremely difficult to assess. Therefore, its precise role in the badlands, 
as in other areas, remains in question. However, field observations of snow patterns and 
ice formation (to be discussed) will at least assist the understanding of frost shattering in 
the badiands, from the viewpoint of identifying those areas which should be most 


susceptible to this process. 


2.4.3 Slope Orientation and Snow Distribution Relationships and Their Effects on 
Badland Erosional Regimes 

The significance of slope orientation as related to infiltration, runoff, and erosion 
is a highly debated topic, and its role has been considered in just about every climatic 
region. Attempts to isolate the microclimatic importance of slope aspect are widely 
undertaken in areas where Its influence is though to be a key factor in determining 
differential morphological evolution of a landscape. Arid lands are a prime example 
because, as pointed out by Churchill (1981, p. 377), "topoclimatic differences may be 
more pronounced in areas of moisture deficiency where aspect-induced differences in 
moisture conditions are likely more critical than they would be in areas of abundant 
moisture”. This assertion is likely even more crucial in badlands, where wide variations in 
slope angle and exposure typically occur with an extremely high spatial frequency. 

The relative importance of slope aspect in the Alberta badlands may depend upon 
two major climatological considerations, both of which may infer the existence of a 
preferentially-oriented weathering regime. The first consideration is the relationship 
between solar radiation receipt and slope moisture characteristics under rainfall, from 


which an understanding of runoff and erosion response can be gained. The second 
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involves defining these responses as basically influenced by the same relationship, but 
with the added compiexity of considering moisture regime variations as possibly 
determined by snow distribution and perhaps by wind-induced preferential distribution. 
As the geomorphic and hydrologic influences of aspect variations are generally regarded 
to be important in badlands (Yair et a/., 1980; Churchill, 1981; Yair and Lavee, 1982), both 
considerations are explored in this section with reference to past research, and again in 
Chapter 4 through fieid observations. 

Slope orientation is often invoked to explain local variations in slope form (e.g. the 
existence of asymmetric valleys) as seen through differential behaviour of slope materials 
erosion processes, and erosion rates. The relative importance of aspect is a function of 
the interrelated factors of insolation receipt, evapotranspiration (or evaporation), and 
extent of vegetation cover, all of which influence infiltration, soil aggregate and slope 
stability, and thus erosion susceptibility of a given slope. Although most researchers 
agree that these factors determine the significance of aspect, they disagree on the 
eventual effects of these factors. This may be due in part to a differing degree of 
influence of one variable over another, which is easily recognized between different 
climatic regions. An example is pointed out by Spence (1972), whereby several 
researchers (Putnam and Sharp, 1940; Walker, 1948; Melton, 1960) stress the role of 
vegetation to the maintenance of steep slopes by reducing surface erosion and adding 
stability to the soil by root growth. In arid areas, however, vegetation growth may still be 
a factor, but its importance as compared to other aspect variables may be drastically 
reduced. 

As suggested by this example, the most common debate among researchers 
entails the question of which slope orientation typically displays a steeper slope gradient, 
and why. Examination of the literature reveals a fair number of advocates for a steeper 
north-facing slope (e.g., Emery, 1947; Hack and Goodlett, 1960; Hadley, 1961); a steeper 
south-facing slope (e.g., Russell, 1931; Von Engein, 1942; Budel, 1953; Spence, 1972; 
Toy, 1977; Churchill, 1981); and at least one claiming there is no aspect-induced 
difference (Strahler, 1950). Depending on the degree of influence of a given variable, all 
theories may be correct, and despite the disparity, there is strong agreement that 


south-facing slopes in arid areas retain the steepest slope angles (Von Engein, 1942; 
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Spence, 1972; Toy, 1977; Churchill, 1981). Support for this claim is given on the basis 
that south slopes in many parts of the northern hemisphere receive more direct insolation, 
anda hence have higher evaporation rates. These drier surfaces are not as susceptible as 
north slopes to gradient reduction by such processes as soil creep, slumping, or 
mudflows (Spence, 1972; Churchill, 1981). 

Spence (1972) studied glacial hummocks in semiarid south-central Alberta and 
found that south slopes are significantly steeper than those facing north. He attributes this 
to probable soil creep activity on north and west slopes, which, due to an increased 
vegetation cover, favours high infiltration capacities, moisture retention, and a lower soil 
strength. 

Churchill (198 1) examined 45 north- and south-facing shale slopes in the badlands 
of South Dakota and found that north slopes retain higher moisture levels for longer time 
periods due to decreased solar radiation receipt. He also discovered these slopes 
experienced deeper penetration of the wetting front. These observations, plus abundant 
slump scars, led Churchill (1981) to conclude that saturation of regolith materials occurs 
more frequently on north slopes, which are thus more susceptible to slope reduction by 
slumping, mudflows, and fluvial erosion by overland flow. In contrast, Churchill (198 1) 
maintains that steep south-facing slopes are more prone to denudation by small ‘rock falls’ 
initiated by intense desiccation processes associated with hydration-dehydration cycles, as 
well as perhaps by freeze-thaw activity. Absence of siump scars and the presence of 
transient debris accumulations at slope bases indirectly attests to this means of 
degradation (Churchill, 198 1) 

Churchill (1981) futher maintains that south slopes possess a higher infiltration 
capacity, but do not retain as much moisture as north slopes because of slope steepness, 
which reduces rainwater interception and infiltration by enhancing quick runoff disposal 
via overland flow. However, based on the works of Horton (1945) and Smith and 
Wischmeier (1957), Churchill (1981) claims that the erosive force exerted by flow on 
south slopes is not great as compared to that experienced on north slopes, the latter of 
which in addition to abundant mass movement scars, dispiay a higher degree of rill 
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Plot studies undertaken in the Negev desert shale badlands of Israel! by Yair and 
Lavee (1982) reveal similar findings to those of Churchill (1981). On slopes that differ 
only in orientation, Yair and Lavee (1982) determined that runoff response on north-facing 
slopes is much quicker than on south slopes. This is also attributed to the differing 
moisture regimes as affected by insolation receipt, which cause variations in surface 
material properties and infiltration characteristics (Yair et a/., 1980; Yair and Lavee, 1982). 
It was found that north slopes generally exhibit a thick (20 - 30 cm), broken regolith which, 
unlike the thin and highly desiccated crust manitling south slopes, displays both a low initial 
and terminal infiltration rate. Simulated rainfall experiments revealed an 11-minute lag time 
for south slopes, whereas north slopes yielded runoff in less than half that time (5 
minutes). Therefore, Yair and Lavee (1982) conclude that the frequency and magnitude of 
runoff events is much higher on north slopes than on south slopes. In conjunction, they 
contend that no runoff contribution should be expected from south slopes during most 
rainstorms, due to the typically short duration of such storms, and because these slopes 
display high infiltration rates for extended periods. These results indicate the existence of 
an aspect-related partial area contribution to runoff (Yair and Lavee, 1982), and, although 
not specifically mentioned, may imply that sediment removal is more efficient on north 
slopes. 

Toy (1977) compared morphologies of south-facing slopes between several humid 
and arid areas in the U.S. All 29 slopes examined were developed in marine shales with a 
structural dip of 3° or less. Toy (1977) concludes that arid land south slopes are steeper, 
shorter, and that convex segments display a smaller radius of curvature than those in 
humid regions. Again, this observation is accountable to the extreme lack of moisture on 
southern slopes of arid regions, as well as the characteristic regional sparseness of the 
vegetation cover. 

As shown, none of the semiarid or arid land studies cited consider the possible 
geomorphic effects of snow. Moreover, these aspect investigations make no mention of 
any existing relationship(s) among snowmelt moisture input, solar radiation receipt, and 
preferential slope steepness. This is to be expected in the Israeli badlands where snow is 
rare, but is unfortunate in the South Dakota badlands, where winter temperatures are 


typically low and precipitation is sufficient to permit an estimated annual snowfall 
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accumulation of approximately 60 cm (estimated by Engelen, 1973). 

One possible reason for the omission of commentary by Churchill (1981) on the 
role of snow in the South Dakota badlands may be linked to the difficulty of separating the 
degree to which snowfall versus rainfall contributes to variations in slope aspect. That is, 
without the use of meteorological data and in-field observations of snow accumulation and 
distribution, slope measurements alone (which are /nd/rect process measurements) cannot 
differentiate between the importance of the affects of snowmelt moisture input and that 
of rainfall on slope form. 

Another reason for the lack of elaboration on the relationship between snow and 
slope form may be due the probable minor role snow plays as a supplier of moisture as 
compared to rainfall. Although it is acknowledged that water supplied by rainfall is more 
significant (because of its higher magnitude and frequency) than snowfall to any aspect 
relationships that may exist in the Alberta badlands, and presumably in those of South 
Dakota, the role of snow as an additional and perhaps preferential source of moisture 
should not be ignored or discounted in the overall evaluation of this relationship. 

Due to the lack of consideration of the possible geomorphic effects of snow, it is 
necessary to present some research from other climatic regions which may prove 
relevant to snow distribution and aspect relations in the badlands. Observations of 
asymmetric valleys in the Caribou Hills (68°N) periglacial region of the Northwest 
Territories (Kennedy and Melton, 1972) show that north-facing valley slopes are generally 
lower-angled relative to south slopes, but that they are steepened in many areas due to 
basal undercutting by stream action and "nivation” activity instigated by snowpatches which 
tend to remain at slope basal positions for longer durations (Kennedy and Melton, 1972). 

It is pertinant to note that creep is considered the dominant erosional mechanism operating 
on north-facing valley sides in downstream areas, where stream flow and basal 
undercutting is ata minimum. Thus, these slopes maintain lesser gradients than the 
south-facing slopes of the same area, which receive more insolation, are drier, and erode 
primarily through rill wash and gullying (Kennedy and Melton, 1972). 

French (1976) describes asymmetric valley formation farther north (74°N), on the 
Beaufort Plains of Banks Island in the Canadian Arctic. Due to the extreme latitudinal 


location of the study area, French (1976) stresses that aspect-induced differences in solar 
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radiation receipt are of minimal significance to geomorphic evolution, and that observed 
slope variations are caused by preferential snow distribution and the desiccating effects 
of prevailing summer winds. He noted that west- and southwest-facing stream valley 
banks are steep and intensely gullied, whereas east and northeast slopes are gentle and 
shingled by solifluction lobes. It is maintained that prevailing westerly winds deposit snow 
onto easterly-oriented valley lees, where abundant mositure permits nivation and active 
solifluction throughout the long summer melt season. In contrast, the windward-oriented 
west and southwest slopes are swept clear of snow (except within gullies) in winter, and 
subjected to high, wind-induced evaporation in summer, which aids in maintaining these 
steeper slopes. Stream undercutting is also deemed an important denudation process, in 
that it preferentially operates on valley sides which generate the least amount of material, 
and therefore tends to undercut and further steepen the drier, solifiuction-free, 
windward-facing slopes (French, 1976). 

The asymmetric valley hypothesis as described by French (1976) is strikingly 
similar to theories proposed by Beaty to account for the preferential alignment and 
location of coulees (1975) and the geographical distribution of post-glacial slumps (1972) 
along river banks and other topographic features of semiarid southern Alberta. More 
important than the initiation or preferential axial alignment of coulees and gullies as 
previously noted, !s the contention made by Beaty (1975) that clusters of these features 
appear almost exclusively on southwest- and west-facing, windward slopes. In 
conjunction, Beaty (1972) found that 87% of the 124 slumps examined, which are 
developed primarily in overburden material as well as bedrock shales of the Oldman and 
Bearpaw Formations, appear on slopes with a north, northeast, east, or southeast 
exposure. According to Beaty (1972), the tendency towards slumping activity on these 
slopes is caused by preferential moisture availability afforded by 1. southwesterly and 
westerly chinook winds which redistribute snow onto northeasterly slopes, and 2. 
reduced effective insolation receipt and hence decreased evapotranspiration. 

Except for Beaty’s inclusion of significant solar radiation influences, and French's 
observations of fluvial undermining activity, geomorphic response on slopes of these two 
areas is remarkably parallel, and demonstrates the highly significant role of preferential 


snow distribution. Thorn (1979, p. 227) also stresses the existence of oriented erosional 
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regimes as determined by preferential snow distribution, and, citing the work conducted 
by Benedict (1970) in Coiorado, contends that ”...paleo-winds are known to have had 
different orientations..., thus reorienting the weathering regime’. 

Early support for the existence of preferentially-occurring weathering regimes is 
given by Russell (1931) who examined asymmetrical slope evolution in the humid 
landscapes of eastern New Jersey and southern Ohio. Russell (1931, p. 484) discards 
many of the physical factors possibly governing slope asymmetry to conclude that "...the 
greatest single effect is with reference to snow cover”. More specifically, Russell (1931) 
maintains that slope aspect permits snow to remain on north-facing slopes for longer 
periods of time, thus protecting these slopes from mid-winter denudation. Upon melt 
however, the relatively higher available moisture serves to rapidly attack and reduce the 
gradient of north slopes, thus causing the observed asymmetry. 

From this discussion on geomorphic process in badlands, and through relevant 
research provided from other areas, it appears that winter and early spring erosional 
response in the Dinosaur badlands likely depends on a complex set of physio-climatic 
relationships which to date have not been fully explored or explained in any one previous 
research study. In particular, knowledge of freeze-thaw activity is generally lacking in 
most badland and semiarid regions. In addition, more information on weathering evolution 
with respect to aspect relationships and snow distribution is needed. Research 
undertaken by Yair et a/. (1980), Churchill (1981), and Yair and Lavee (1982) adequately 
demonstrates the importance of insolation influences on differential slope erosion and 
runoff on badland slopes. French (1976) shows that preferential patterns of snow 
distribution can dictate the weathering response of an area. Closer to the badlands, Beaty 
(1972; 1975) testifies to the importance of both insolation and wind-distributed snow in 
defining geomorphic behaviour on slopes of the Oldman and Bearpaw Formations of 
southern Alberta. In combination, this past research and that to be presented in this thesis 
will undoubtedly add to a more comprehensive understanding of wintertime geomorphic 


processes operating in the Dinosaur padianas. 
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3. RESEARCH METHODS 


This chapter outlines the objectives of the study, and explains in detail the methods 
employed. In particular, the research centres on four interrelated aspects of the role of 
snow in badlands: 1. snow accumulation, 2. snow distribution, 3. snow disappearance and 
snowmelt runoff, and 4. the geomorphic significance of snow. Eight separate visits to 
the field area were made during the 1981 - 1982 snow season, each lasting from two to 
six days. Of these, two early-season trips were made in October and November of 1981, 
before any snow had fallen, to install snow-measuring equipment. Field observations and 
measurements began with the first snowfall in November, 1981. Planning of field visits 
was made in short advance, based largely on weather map analysis and forecasting of 
snow and chinook activity. Frequent between-visit correspondence with Dinosaur Park 
personnel aided the planning procedure and additionally helped to keep the author 


informed of weather and changes in snowcover characteristics. 


3.1 Sub-basin Characteristics 

Although field measurements and observations were made from the badlands 
outside the main research watershed, most were taken from within, and these were 
concentrated in three sub-basins of the watershed. The three sub-basins examined were 
chosen for their individual! diversity as well as their joint representativeness of the main 
watershed. They were selected on the basis of their variety in size, shape, lithology, 
slope, and orientation. In addition, each sub-basin (designated X, Y, and Z), is fairly 
characteristic of its surrounding area within the catchment, which lends credibility to 
basin-wide extrapolation of results. 

Slope surveys were undertaken to determine the mean slope angle and surface 
area of each sub-basin, and for purposes of explaining patterns of snow accumulation and 
distribution as perhaps related to slope character and overall basin form. A 48-point 
square grid was constructed for each basin, and was randomly placed over enlarged 
sub-basin air photographs. These points were subsequently located in the field and 
measured with a Brunton compass and 1.0m x 0.5 mx 2 cm plywood board. Slope angle 


values (Appendix B) were plotted as histograms, with slope frequency graphed against 


TES) 


te piiaanen: 216 wey ovr reclegrw, (3 


dra weson\ ore. asnegraaet? oe Pov gad ipa iis Boonie Sas wong 
softies aT (aneee oo yo7e" Jie onan --¢ 9 Secor grinnele ant Saiee WeenceTed: | 


22ne eee weet rms waapnars bre etme to hemoten 7 


: 


aerated a7 “cit shen sev creas sId7 P'S of AERIS QUO 
ore nee:0 be Neri MO} “ose Sys orn b= latehew forseee? iar ort ebteTuo 
obec ees prea The oT! PT ~berieTe4 ert \o atieatpaus se vit et batstinectes 
ge ett ic 22s eiaineseyye 17) tell 25 aw 2 VP isv® laibivinns wart 107 nesors 
Won oot Spe ti VS et? *p G.0od ord ao hatoelee swaw yorT be jz etew : 
ee cl : 
anyfiiies tc caabl Asis erties 2d) iw sore (elbows 2% to DRehetae we: 
funst to noweiogatas ebiw-nasd 
aqbbare bfe «Gre Gas? naa St! Srestes ~) iar On eee syEvtD BQOE. _ 
bf modsiereets nde to ni aslsy gon gere te rwogwe ol soe some daiape ORE 
weog5> 4 eeghemsctle-tic'rs “3 wit aogle ob heya aqueneg ea npituditsi> . 
berpeing toro Basel) cts” to, eG ome ad TL neteaitenos 2eve DOD SUPE : 
ona biet* art |) baler 9 (Ceurertie Bad Limeg saat? aAqnigatora we aesd-due, 
Mere gable .SwoGycer ja Ts 5 T< Lon | ny aesqinee neon 6 etiw bew25s | : 
cortege betas gy yorsupet 2094 “Hw are octest ey beelg anew 18 <iheegaA) eeuley 


€* Z 


angle groups of 5 degrees (Figure 3.1). 


3.1.1 Sub-basin X 

Sub-basin X (henceforth to be called sb-X) is the smallest of the three catchments, 
with a total plainimetric area of 4,829 m? (Figure 3.2). The plan area of sb-X, like that of 
the other two sub-basins was calculated three times from an enlarged aerial photograph 
(Figure 3.3) by the square counting method. The resulting values were averaged to obtain 
the final area figure. All three catchment areas were checked against (and closely 
supported by) planimeter measurements and those calculated with the use of an Intergraph 
digital computer. Sub-basin X displays a straight-line long axis of 75 m, and, due to its 
semi-rectangular shape, attains a maximum width of 95 m. 

The aerial photograph of sb-X (Figure 3.3) and contour map® (Figure 3.4) reveal the 
semi-flattish nature of the basin floor, which is incised in a forked manner by two primary 
drainage channels. These dry channels stand out in the air photograph due to the 
contrasting darkness of the surrounding basin floor, which is extensively mantled by two 
highly-fractured siderite bands at respective elevations of approximately 0.5 and 1.0 
metres above the main channel. These horizontally-continuous layers aré more easily seer 
in the foreground and centre of Figure 3.5, and towards the centre-right foreground of 
Figure 3.6. 

Overall basin relief is generally low, with a 5-metre vertical separation between the 
head basin boundary and basin outlet. Steep, rilled, predominantly claystone slopes rise 


from the one- metre high siderite layer of the lower basin fioor to meet upper gras 
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~ 
14) 


surfaces (visible of Figure 3.3) which make up the southwest, north, and northwest 
boundaries of the sub-basin. Towards the northeast and east, the lower 1-metre portion 


of these claystone siopes Is actually composed of compact, silty sandstone which is highly 


Ol 


rilled and finely intercallated by bands of clayey silt (see extreme right side of Figure 3. 
centre-right of Figure 3.6). This unit appears in all claystone slopes of sb-X, but its 
position varies within the slope profile in other areas of the basin. In addition, the unit is 


lightly rilled and frequently obscured by material sloughing on south-facing slopes (see 
’Due to the small areas involved, there are no adequate, previously constructed contour 
maps of the sub-basins. Therefore, these maps were prepared from field measurements 
and detailed ground photographs. All maps display an arbitrary "0" contour at the basin 
outlet. 
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Sb-X 


Sb-Z 


X= 1951° 


X *=15.7° 


Number of Slopes 


Slope Angle (Degrees) Slope Angle (Degrees) 


Sb-Y 


Ket = 27 16° 


Number of Slopes 


Slope Angle (Degrees) 


Note: Slope angle class range is 5°; 48 points sampled in each sub-basin 


Figure 3.1. Sub-—basin histograms plotting slope angle against slope frequency. 
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SUB-BASIN X 


Plan Area: 4,829 m2 


SUB-BASIN Y 


Plan Area: 6,000 m? 


SUB-BASIN Z 


Plan Area: 16, 384 m2 


Note: for intra—basin locations, see Figure 1.1. 


Figure 3.2. Relative sub—basin sizes and orientations. 
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Figure 3.3. Aerial Photograph of sub—basin X. 


Contour Interval: 0.5m 


Figure 3.4. Contour map of sub-basin X showing basin boundary, snow survey points ( *), 
and Murton gauge location (®). 
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extreme left side of Figure 3.6). 

A majority of claystone slopes display a stepped appearance where further 
overlain by 1- to 1.5-metre deposits of rilled, partly unconsolidated fine silt. Although 
these units generally exhibit poor internal cohesion, they are able to maintain steep slope 
profiles (up to about 55°) on south-facing slopes, where solar radiation ‘baking’ permits 
the development of a fairly indurated outer crust. These units lie directly below the upper 
vegetated surface and maintain rectilinear profiles that grade downslope onto the convex 
upper portions of ciaystone slopes (see text included with Figure 3.6). 

The claystone slopes forming the periphery of the basin floor are dissected in 
many places by collapsed piping channels (visible in Figures 3.5 and 3.6). Most channels 
are lined with sparse vegetation consisting of sage or prickly pear. Shallow depressions 
or hollows are etched into the south, southeast, and northeast basin slopes; some of 
these drain into the lower basin through collapsed pipes, but those appearing on 
northeast-facing slopes show evidence of less concentrated surface drainage. Many of 
these depressions are lined with small bushes and short prairie grass. 

The most distinct feature on the histogram prepared for sb-X (Figure 3.1) is the 
relative high frequency of points (14) appearing in the 11° to 15° slope category. This 
observation is partly explained by the proportionately large area of the lower basin, which 
is somewhat undulating in character due to the fairly high density of shallow channel 
incisions. Also falling into this category are many upper slope convexities and some 
grassed surfaces of the basin periphery. Most of the six point measurements shown in 
the 0° to 5° slope range fell upon either the lower basin ironstone flats or upon upper 
vegetated surfaces. All three of the slopes in the 46° to 50° group represent the steeper 
claystone or unconsolidated silt slopes in the northern section of the basin. In total, the 
sb-X point measurements yield a mean slope angle of 19.1°. The ground distance 
between adjacent measuring points was 11.0 metres. The surface area is 5,110 Mm’ and '!s 


calculated by dividing the mean slope cosine of 19.1° into the planimetric basin area. 
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3.1.2 Sub-basin Z 

Sub-basin Z is the largest of the three basins, with a planimetric area of over 
16,000 m (Figure 3.2 and Figure 3.7). It is elongated, oriented SW-NE, with a 
straight-line long axis of approximately 210m. Sb-Z is similar to sb-X in that it also 
possesses a large lower basin surrounded by relatively steep slopes (see contour map, 
Figure 3.8). Like sb-X, the lower basin of sb-Z displays a number of inselberg-like residual 
mounds that are armoured by ironstone weathering fragments (Figure 3.9). Vegetation 
tracts are also scattered throughout this area. Unlike sb-X, however, the lower basin of 
sb-Z possesses a lesser slope gradient, with less-defined stream dissection, and more 
extensive, flatter-lying fan and pediment regions per unit area (Figure 3.9). 

The lower basin narrows in an upchannel direction (visible on the air photo as well 
as the left-centre of Figure 3.10) and is flanked on all but its eastern side by steep 
claystone slopes. The south-facing slopes visible in the left-hand section of Figure 3.9 
attain a maximum height of approximately 6 m and are generally rectilinear, but convex in 
the upper portions. These compact slopes are interbedded with a few horizontal! siderite 
layers as well as one highly compact, lighter-coloured claystone unit which is in itself 
further interbedded by claystone bands of slightly differing composition. A thick regolith 
cloaks the entire upper surface of these slopes, but thins downslope into a shallow, veneer 
or disappears completely. Evidence of mass wasting in the form of aggregate sloughing 
scars is visible on some of the steepest upper slopes. 

Most of these south-facing slopes are highly rilled and very sparsely vegetate: 
with only the odd sage bush clinging to the side of aprimary rill or to the collapsed pipes 
which separate these slopes. Most of the other claystone slopes that confine the lower 
basin retain a bit more vegetation than the south-facing slopes, although the coverage is 
still sparse. An exception is noted on the north-northeast-oriented headwall slope of the 
‘upchannel’ section of the lower basin. Visible towards the left-centre of Figure 3.10 
this slope is densely covered with short grasses and bushes, and exhibits signs of 
previous mass movement activity by slumping. 

Towards the south, where the lower basin begins to narrow, the surrounding 
slopes rise approximately 7 m to the upper basin, which is generally flat and abundantly 


covered with long and short prairie grasses. This surface is primarily drained by a large, 
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Figure 3.7. Aerial photograph of sub-—basin Z. 
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Figure 3.10. South-southwest view of sub-basin Z. Left-centre of photo shows the 
upchannel narrowing of the lower basin. The nne-facing headslope of this passage is 
covered in short grasses and shrubs. Two small buttes project 5 m above the upper basin 
surface and are visible in the middle and right backgrounds of the photo. 
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mostly collapsed piping channel which is an extension of the main channei of the lower 
basin (see aerial photograph, Figure 3.7). Other minor collapsed pipes and surface 
depressions also incise and drain the upper basin (Figure 3.11). Two large butte-like 
features make up the south and southwest boundaries of sb-Z (visible on Figures 3.10 and 
3.11). They rise 5 m above the upper basin surface and are mainly composed of 
claystone. Both are flat-topped and protected by a thick cap of resistant ironstone. 
Denudation of these features has produced a fine-grained, flat-lying alluvial apron in the 
head region of the upper basin (see air photograph, Figure 3.7 and Figure 3.1 1). 

The slope histogram of sb-Z (Figure 3.1) reveals a high frequency of very low 
slopes. Of the 15 slopes falling within the 0° to 5° range, 12 represent points surveyed 
on fan surfaces of either the upper or lower basin. The data shows that 22, or nearly 
one-half of the total 48 points measured (spaced 17.2 m apart) fell upon slopes of 10° or 
less. This fact accounts for the relatively low mean siope angle of 15.7° obtained for 
sb-Z. Although sub-basins X and Z are topographically similar, the latter catchment 
maintains a larger percentage (per unit area) of level regions, and its lower basin retains a 
lower slope gradient. Like sb-X, there are few higher-angled point measurements because 
of the areally limited occurrence of steep slopes. The histogram takes on a bimodal 
appearance by demonstrating a secondary peak in the combined slope ranges of 21° to 
25° and 26° to 30°. One-quarter of the 12 slopes contained in this peak range lie on the 


vegetated side slopes of collapsed channeis. The remainder generally represent claystone 


oO 


slope convexities, residual mounds, and debris-covered portions of lower basin hills 
It is worthy to note that both sb-Z and sb-X contain only three measurements in the 16° tc 
20° slope category. This probably indicates the breakpoint between slope angles 
maintained by the lower-lying grassed areas, alluvial fans, and ironstone-capped features 
and the steeper slopes of most claystones and side areas of depressions and collapsed 


channels. 


3.1.3 Sub-basin Y 
The planimetric area of sub-basin Y measures 6,000m ?°. placing it between 
sub-basins X and Z in size (Figure 3.12). The oval-shaped basin trends south-north along a 


straight-line long axis of approximately 100 m. Unlike the other sub-basins, sb-Y exhibits 
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a more incised appearance, with no expansive lower basin area (see aerial photo, Figure 
3.12, and contour map, Figure 3.13). Furthermore, the main channel is highly distinct as it 
is closely paralleled on both sides by steep, fairly high (7 to 10 m) slopes. From the 
mouth, the first 35 m (the lower one-third) of the channel floor displays a stepped profile 
due to the presence of two knickpoints, lithologically induced by thin beds of ironstone. 
The next 35 m of the long profile is fairly level and covered in unconsolidated alluvial 
deposits (Figure 3.14). The upper one-third of the stream bed transforms into a winding 
partially collapsed piping channel. Here, the channel cuts through a maze of 
aggregate-mantied claystone slopes and rises abruptly at the upper head basin which Is 
flattened and armoured by a thin bed of ironstone fragments (Figure 3.15). 

In general, the lithology of sb-Y consists of a vertical succession of three 
claystone units that are alternately separated by two units of sandstone. As is easily seen 
in Figure 3.15, the north- and northeast-facing head-basin divides consist of deeply-rilled 
sharp-crested sandstones which are capped in places by remnants of the uppermost 


claystone unit. These sandstone divides are interbedded in places by ironstone bands, and 


iP) 


separate the upper basin into a series of bowl-shaped mini-catchments, one of which is 
easily detected towards the southwest corner of the aerial photograph (Figure 3.12). The 
southeastern portion of the upper basin divide, as well as the entire eastern basin 
boundary, is topped py the agaregate-mantied claystone unit which has not yet been 
eroded to expose the underlying sandstone. Like the head basin, the floor of this section 
of the upper basin is also partially mantled with broken ironstone fragments (Figure 3. 14). 
Also similar to the head basin region, the coalescing mini-catchments towards the 
southwest, and the southeastern portion of the upper basin are also respectively emptied 
by two large, partially collapsed pipes that drain directly opposite of each other into the 
flat, middle stretch of the main channel (Figure 3.14). 

Unlike sub-basins X and Z, sb-Y retains very little vegetation growth in its upper 
basin region. Aside from a few scattered shrubs, the only vegetation to be found lies 
along the slope banks of the lower 35 m of the main channel. Short grasses and prickly 
pear cacti are abundant here. 

The slope histogram of sb-Y (Figure 3.1) reveals a very low frequency of 


lower-angled slopes, reflecting the absence of large areas of flat-lying fans and extensive 
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grassed surfaces. The high degree of channel dissection combined with intricate lithologic 
variations serve to create widespread areas of diverse slope angle characteristics. These 
field observations are demonstrated on the histogram by the generally lower frequency of 
slopes contained within any one slope category (as compared to sb-X and sb-Z), as well as 
by the higher total number of slope categories represented by the sb-Y measurements. 
These observations account for the higher mean slope angle of 27.6° obtained for this 
sub-basin. The bimodal nature of the histogram is caused by the eight point measurements 
(spaced 11.1m apart in the fieid) contained within the 41° to 45° slope category. Of 
these, six points fell upon the slightly stepped, but generally rectilinear, west-facing slope 
that parallels the lower two-thirds of the main channel (visible in Figure 3.14). 

In total, the three sub-basins are representative of the main catchment in terms of 
lithology, basin form/ shape, and slope characteristics. The lower one-third of the main 
watershed Is deeply incised and exhibits a high density of steeper slopes. It may 
therefore be typified by sub-basin Y. The upper two-thirds of the main catchment 
contains larger areas of grassed flats, pediments, and fans, and is less deeply incised by 
the main channel; characteristics displayed by sub-basins X and Z. In addition, the 
sub-basins were collectively chosen such that slopes of every orientation and lithology 
may be found in at least one of them. These considerations ensure an optimum 
representation of the morphological character of the main watershed and the sub-basins 


serve as ideal sites for the study of snowmelt runoff and geomorphic process. 


3.2 Methods of Monitoring Snow Accumulation 

Snow accumulation, using snow course surveys and snow gauges, was monitored 
throughout the 1981-1982 field season in an effort to estimate the total water available to 
the sub-basins as well as the main watershed. This was undertaken to determine the 
significance of mid-winter and spring runoff in badlands, and to compare the relative 


voiumetric runoff contributions of rainfall and snowmelt. 
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3.2.1 Snow Surveys 

There is no specific geometric layout required for snow survey courses, although 
a manual of standard surveying procedures compiled by Environment Canada (1973) (and 
currently followed by the Atmospheric Environment Service (AES) in Alberta) recommends 
a 10-point survey along a 900 ft (274 m) straight line, with points spaced 100 ft (30 m) 
apart. Also acceptable is a 5-point setup along a 400 ft (122 m) or 900 ft (274 m) 
baseline, with points spaced 100 ft (30 m) or 200 ft (61 m) apart. If either of these 
designs is not possible, the manual suggests course patterns in the shape of aT, Z,L, or 
+. As well as these standard layouts, other researchers have used random grid sampling 
techniques (@.g. Hasholt, 1972; Storr and Golding, 1974; Dickison and Daugharty, 1978), 
circular courses (Gary and Coltharp, 1967), as well as a figure-eight configuration (Ffolliot 
and Hansen, 1968). The selection of point-spacing distances is also fairly subjective, but 
most researchers adhere to a 15 to 60 m range between points. 

Three snow courses were set up in the watershed in October of 1981; one in each 
of the sub-basins. A total of 20 sampling points were established -- five in sb-X, six in 
sb-Y, and nine in sb-Z. Within each sub-basin, sampling points were situated 35 m apart, 
and marked with wire stakes and flagging tape. The geometric layout of each course was 
designed to accomodate as many 35-m point spacings as possible, and therefore reflects 
sub-basin shape, and ensures an adequate spatial representation in each catchment. These 
designs (shown in Figures 3.4, 3.8, and 3.13) generally follow the pattern guidelines 
suggested in the snow surveying manual (Environment Canada, 1973). 

To maximize the accuracy and statistical apsects of the sampling procedure, 
Steppuhn and Dyck (1974) maintain that survey points should be randomly selected as well 
as representative of population variability (i.e. topography, vegetation, and land use). 
Goodison (1978) also stresses the need for an adequate sampling coverage of differing 
landscape classes. However. Steppuhn and Dyck (1974) point out that achieving both of 
these goals simultaneously is difficult, as landscape distribution is seldom random, and (p. 
316) "any restriction in basin coverage would limit the representativeness of the survey’. 
Despite these limitations, it is felt that both considerations were sufficiently satisfied 
within each sub-basin, by random selection alone. That is, after initially plotting the course 


designs upon enlarged air photos, it was found that the points do reflect the variety of 
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topographic and land cover characteristics of the sub-basins. For example, of the total 20 
points surveyed, eight lie upon fan surfaces, five on vegetated areas, three on claystone 
slopes, two on flat-lying ironstone beds, one on a sandstone slope, and one on a miniature 
pediment. In addition, nine points lie in lower basin regions, and eleven lie in upper basin 
areas. Overall, the survey points accurately reflect the per unit area representation of 
lithology, slope, and landcover characteristics of the sub-basins. 

Three snow surveys were completed during the field season, with the use of a 
Mount Rose snow sample tube with a 3.77 cm inside diameter. Snow at each survey 
marker was measured five times at 30 cm radius distances circumscribing the point 
marker. These values were averaged to attain one depth value. 

Snow density and water equivalent at each survey point were calculated once, 
using the single sample cored at each point. For the first snow survey, the 
“weighing-in-field” method was used to determine snow density and water equivalent. A 
spring balance calibrated in centimetres of water equivalent was employed. It was 
discovered however, that the spring balance was not sufficiently sensitive to give accurate 
readings from the typically shallow snowpacks encountered in the badlands. Therefore, 
the ‘bulk method’ sampling technique was utilized for the two remaining surveys. This 
procedure involves placing the cored snow sample into an airtight container, and weighing 
its contents indoors, at a later time. A triple beam balance, accurate to three decimal 


places was used for these computations. 


3.2.2 Snow Gauges 

Two non-recording Murton snow gauges were used to monitor total seasonal 
snow accumulation. One was placed atop a flat-lying ironstone bed in the lower basin of 
sb-X (for location, see Figure 3.4; also visible in Figures 3.5 and 3.6), and the other’ ona 
level claystone surface in the upper basin area of sb-Y (see Figure 3.13; also visible in 
3.14). Shown up close in Figure 3.16, the Murton snow gauge consists of a 1.2 metre 
aluminum catchment cylinder with a 20-cm orifice diameter. This structure was bolted 
onto the centre of a 1.22 mx 1.22 mx 2 cm plywood baseboard. Also secured to the 


baseboard were three black iron pipes which support a 1.22 m diameter alter shield. Both 


°A third gauge for placement in sb-Z could not be obtained. 
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Murton snow gauge and alter shield in sub 
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gauges were anchored with siderite cobbles to prevent possible disturbances by animals 
or severe winds. 

Once erected in the field, the gauges were filled with approximately 2 litres of 
ethylene glycol -- an anti-freeze agent used to melt incoming snow and to prevent 
mid-winter freeze of this water. Also added to each gauge was 0.2 litres of a light-weight 
mineral oil which forms a thin surface film and protects meltwater from evaporation. 
Cumulative snowmelt trapped in the gauges was measured on twelve occasions (from 
November, 1981 through March, 1982) with an AES Type 3 snow ruler calibrated in 


tenths of inches (later converted to millimetres). 


3.2.3 Methods of Calculating Snow Accumulation and Water Availability 

The snow surveys aided the determination of the volumetric amount of water 
contained in the sub-basins during various periods throughout the winter. To obtain these 
figures, the planimetric area of each sub-basin was multiplied by the average depth of 
snow / water equivalent. For each survey, this latter value was determined by the 
following known relationship: 

WE=/ xD 

in which WE = snow/ water equivalent, “ = snowcover density, and D = snow depth. 
Before this computation is performed, density is calculated by the following formula: 

/2 =M/(AxD) 
in which M = mean mass of the individual snow sample cores, and A = the inside area of 
the snow sample tube. To estimate the voiumetric water potentially available to the total 
watershed at the time of the snow surveys, the average water equivalent of the three 
sub-basins was multiplied by the planimetric area of the catchment. 

The Murton gauges allowed the calculation of the total meltwater available to the 
main watershed during the field season. This value was simply attained by measuring and 
adding successive water gains in the snow gauges, avereging the two final values, and 
multiplying the resulting figure by the plan area of the main basin. 

Because the snow gauges immediately convert incoming snowfall to water, the 
ruler measurements permit a good estimation of seasonal water equivalent. However, 


they do not allow direct measurements of snowfall accumulation depth, and thus snow 
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depth and density are unknown. To estimate snow depth for purposes of comparison to 
annual accumulation records, the total average water equivalent of the two Murton gauges 
was divided by the mean density of newly-fallen snow, as calculated for the concerned 
period from data provided by the Brooks AHRC. To further clarify the procedure, the 
values Of mean monthly snow depth recorded at the AHRC were respectively divided by 
the mean monthly water equivalent values provided, to obtain mean monthly snow density 
figures. These numbers were totaled and averaged to obtain the one density value used in 
the estimation of snow accumulation depth for the field season. It is felt that this method 
is more accurate than simply employing a general, standardly-accepted fresh snow density 
value in the calculations. 

The means of estimating snow accumulation as just described was carried out for 
the entire period that Murton gauge measurements were taken. The last measurement was 
taken at the end of the field season, in mid-March of 1982, after sufficient data and 
knowledge of snow distribution patterns and erosional processes was obtained. 
Therefore, a few late-season snowfall events occurring after the last snow gauge 
measurement were missed. Brooks AHRC snow data was employed to augment the 
estimated seasonal water availability (total volumetric water equivalent derived from snow) 
and snow accumulation values obtained up until the termination of the field season. This 
was accomplished by calculating the percentage of total seasonal snow / water equivalent 
recorded at the AHRC subsequent to the last measurement taken in the field. This 
percentage value was applied to the total Murton gauge mean water equivalent figure, to 
obtain a supplemented, representative total season snow/ water equivalent value. This 
figure was used to calculate the total volumetric amount of water entering the main 
watershed for the entire snow season. The mean snow density calculated from depth and 
water equivalent values recorded at the AHRC during these last snowfall events was again 


used to figure total snow accumulation depth in the watershed. 
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3.3 Methods of Investigating Snow Distribution 

Perhaps the most important question to be answered in this thesis centres upon 
assessing geomorphological response in the badlands as influenced by the relationship(s) 
between snow accumulation and the effects of wind. Like rain, snow provides an agent 
for the initiation of geomorphic process, however its spatial distribution as largely 
controlled by wind may modify these processes by reducing or enhancing water 
availability in a given locale. 

Although the magnitude and frequency of geomorphic events during winter 
depends on a number of factors (e.g., snow accumulation, snowmelt rate, and material 
characteristics among others), it is ultimately controlled by the spatial availability of 
meltwater, and hence by snow distribution patterns. Therefore, it is important to establish 
a concept to explain the ways in which variables interact to determine snow distribution in 
the badlands. These factors, as previously discussed in Chapter 2, include wind 
characteristics of directional frequency and velocity, as well as the wind-modifying 
factors of vegetation and topography. This section outlines the methods employed to 
investigate these factors. The concept relating these variables to snow distribution in the 


Alberta badlands is presented in the next chapter. 


3.3.1 The Role of Wind 

The effectiveness of wind velocity and directional approach in initiating snow 
distribution was most easily determined through repeated visual observations of snow 
drifting patterns. Time spent in the field permitted sufficient observation of wind 
characteristics during anumber of snowstorms as well as during inter-storm periods. 
Evidence of between-visit wind activity was often assessed by observing orientation 
patterns of ‘free’ snow deposits such as snow ripples. Oriented drifts, formed in the 
vicinity of single obstacles (e.g. vegetation clumps or small residual hills) were the most 
obvious indicators of effective wind direction. 

While in the field, snow drifting observations were recorded by photography. 
Wind orientation and prevalency were consistently noted, along with estimates of wind 
velocity. Radio reports supplemented these notations. Daily anemograph charts were 


obtained from the Brooks AHRC for the periods concerned, which aided in reconstructing 
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between-visit activity. These charts supplemented field observations and were particularly 
useful for comparing effective wind frequencies of varying orientations. 

Like the examination of wind characteristics, evidence of the influencing affects of 
topography and vegetation on wind and snow distribution patterns was also 
photographically recorded throughout the field season. Visual observations and spot 
depth measurements from varying terrain features and vegetated surfaces enabled the 
delineation of areas subject to differing degrees of snow accumulation by wind 
distribution. Patterns of snow distribution in the sub-basins and main watershed are 
presented in the following chapter by means of time-sequential photographs and 


accompanying descriptions of observed distribution patterns. 


3.4 Methods of Investigating Snow Disappearance and Snowmelt Runoff 

As indicated in the last chapter, the means by which snow disappearance proceeds 
in a given area is dependent upon the characteristic interactions of many physical and 
climatic variables. Although it is beyond the scope of this thesis to investigate all these 
factors in detail, an attempt is made to explain the most significant variable relationships 
that affect snowmelt rates. This knowledge Is applied to that gained through the 
examination of snow distribution in the badlands, to evaluate observed runoff patterns. 
These patterns, including the magnitude, frequency and locational characteristics of 


snowmelt and runoff events are ultimately related to wintertime geomorphic response. 


3.4.1 Snow Disappearance 

Similar to the determination of snow distribution patterns, spatial snowpack 
depletion was primarily assessed through field observations of snowmelt events, 
recorded by photography throughout the season. Meteorological records provided by the 
Brooks AHRC aided qualitative evaluations of the climatic factors responsible for initiating 
and maintaining snowmelt activity. These records supplied information on daily 
temperature (mean and extremes), wind velocity, hourly durations of sunshine receipt, and 


the amount of snow remaining on the ground at the end of each day. 
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3.4.2 Inflitration and Runoff 

Once converted to water, snowmelt disappearance was determined in a number of 
ways. Attempts to monitor infiltration depths on a full range of lithologies, vegetated 
areas, and topographic features within the sub-basins were made by inserting the dye 
tracer Rhodamine B onto the ground/ snow interface beneath 191 mid-winter snowpacks. 
Rhodamine B was chosen over other flourescent dyes available because of the ease by 
which it is absorbed by clays. The locations of all dye applications were mapped on air 
photographs to facilitate their later identification. Snow depth and ground surface 
lithology for all points were also noted.!° After completion of a snowmelt event, the 
points were to be relocated and excavated, so that wetting depths could be recorded by 
visual examination of the vertical extent of discolouration of subsurface materials. 

For the dye application procedure, approximately one gram of crystalline 
Rhodamine B was sealed inside 2 cm x 2 cm finely-meshed porous bags. The dye was 
packaged to facilitate its precise placement and to prevent leakage onto the snowpack 
surface which could falsely lower the natural surface albedo. The packets were set in 
place by coring a hole in selected snowpacks with the Mount Rose sampler, dropping one 
packet into the hollow created, and replacing the extracted snow core. This method was 
designed to create as little disturbance as possible to the surrounding surface snowcover. 
The use of dye in powdered form verssus liquid ensured that the dye itself would remain in 
position until melt-out, and that it would not induce premature melt of the surrounding 
snow enclosure. 

Although the primary reason for administering the dye was to assess the effective 
subsurface penetration of meltwater, it was also employed as a possible means of tracing 
overland flow pathways for short distances, until downslope or downstream dilution 
obscured these trails. Most often, however, surface meltwater routes were visually 
determined. Piping outlets throughout the main watershed were constantly checked 
during snowmelt events for evidence of throughflow. 

The efficiency of runoff disposal was estimated by observing the duration and 
magnitude of flows in the primary drainage channel of the watershed. Although the 
automated runoff-monitoring equipment employed during summer months was not 


10For reasons to be discussed in the next chapter, these notations as well as maps showing 
application points are not presented. 
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engaged during winter or early spring, visual recordings of stage height were taken 
periodically at the flume site near the mouth of the main catchment. Used in conjunction 
with a pre-designed rating curve, these measurements aided approximations of volumetric 
discharge. Comparison of basin outflows to water availability values secured from snow 


surveys yielded an estimation runoff efficiency during snowmelt. 


3.5 Methods of Investigating Geomorphic Activity 

Field surveillance of water availability (snow accumulation), its spatial location 
(snow distribution), and its modes of movement (snow disappearance) provided much of 
the information necessary to formulate a theory on badland geomorphic response during 
the winter season. In conjunction with the methods described to investigate the behaviour 
of snow and snowmelt, anumber of other direct and indirect field techniques were 


employed to evaluate the relationship between snowfall and erosion. 


3.5.1 Direct Field Measurements 

Many small excavation pits were dug on all lithologies throughout the field season 
to keep track of changes in the physical state and character of subsurface materials. 
These pits were dug at separate intervals and locations than those excavated at the dyed 
points, as the latter were useful to assess the effects of only one snowmelt event. 
Excavations were carried out in both snow-free materials as well as those lying beneath an 
established snowcover. During periods of below freezing temperatures, emphasis was 
placed on examining materials for frost presence. Observations and measurements of 
frost included its spatial distribution, type of ice found, and penetration depth within 
various materials. 

Observations were made in other pits during melt periods, to determine the 
duration of frost presence and its effects on meltwater infiltration and runoff. After a 
complete melt of all snow and ice, wetting depths were checked in numerous locations. 
These were perhaps the most significant subsurface measurements taken, as they 
provided answers to speculations of the penetration ability and potential of water on 
badland materials during the naturally extended periods of moisture input afforded by 


melting snowpacks. Used in conjunction with the spatial snowpack distribution, this 
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information was vital to defining the locations where, and the degree to which snowmelt 
permitted material strength reduction and potential mass movement activity. 

Seven suspended sediment samples were taken from the main channel outlet at the 
flume site during a major snowmelt runoff episode. Although the number of samples 
taken and the sampling frequency was not sufficient to permit estimations of volumetric 
erosion, they were nonetheless useful for comparison to sediment concentrations 
calculated for summer rainstorm events. Sampling was carried out manually by dipping 
plastic bottles into the channel centre at heights approximately halfway between the 
channel floor and water surface. The samples were oven dried and weighed after 
recording individual water volumes, and sediment concentrations were calculated in grams 
per litre. The results were then compared to concentrations obtained at corresponding 


stage heights during rainfall runoff. 


3.5.2 Indirect Field Measurements 

To supplement research undertaken during the winter-spring field season, a series 
of slope angle and orientation measurements was completed during the late summer of 
1982. This was done to determine !f there is a significant difference among the mean 
slope angles displayed by slopes of varying aspects. It was also undertaken with the 
intention of indirectly linking short-term observations of snow distribution, snowmelt, and 
erosion to long-term geomorphic response and slope evolution. 

As shown in chapter 2, the effects of solar radiation on moisture retention and 
behaviour of slope materials has been investigated in other badland regions (Yair et a/., 
1980; Yair and Lavee, 1982 in Israel; Churchill, 1981 in South Dakota), but not in the 
Alberta badlands. However, these aspect studies do not consider the role of snow 
distribution and snowmelt. As mentioned earlier, this may, in part, reflect the difficulty 
with which the role of rain and snow can be separated when based solely on indirect field 
measurements. Therefore, separation and evaluation of the long-range evolution of slope 
characteristics as determined by rain and snow must also rely on direct short-term 
observations. 

Analysis of recent meteorological records and field study during winter and early 


spring must accompany indirect slope measurements. The role of snow as a geomorphic 
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factor in slope development may then be more distinctly defined to show: 1. if snow 
distribution is such that there is little preferential distribution and thus its coverage upon 
melt closely resembles that of rainfall, 2. if snowfall is not sufficient in quantity (even if 
preferentially redistributed) to be an important factor contributing to preferential slope 
steepness, or 3. If snow distribution and melt is such that it enhances the effects of 
differential insolation. 

To determine if a preferentia! slope steepness and thus perhaps a differential 
runoff or erosion response exists in the Alberta badlands, 220 individual slopes were 
examined, using methods and criteria similar to that developed by Churchill (1981). Field 
sampling procedures between the two studies primarily vary in that in Dinosaur Park, 
sandstone slopes were investigated as well as claystones, a greater number of claystone 
slopes were examined (110 versus 45), and mean slope angle was the sole slope form 
measurement taken. Like the criteria established by Churchill (1981), only slopes exhibiting 
orientations within 15° either side of true north or south were considered. Additionally, 
measurements were consistently taken only from those features (e.g. isolated residual 
mounds, small buttes, and appendages of major slope systems) exhibiting a pair of north- 
and south-facing slope components which also met the orientation requirements. 

Lithologic criteria was established such that all slopes considered possessed a 
fairly uniform composition, and minimum interbedding. Slopes of highly diverse 
lithologies were discarded so as to ensure that vertical changes in material structure or 
weathering resistancy could not account for differences in slope steepness, and to 
maintain a distinction between the results found for claystones and sandstones. Although 
this criteria presented little problem to the measurement of sandstone slopes, extremely 
subtie changes in composition within some claystones often precludes strict rectilinear 
slope formation in favour of slightly stepped slope profiles. Because of a high prevalency 
of slopes of this nature, exclusion of stepped claystones was considered impractical. 

The average dip of each slope profile was measured with a Brunton compass lying 
atop a 1.0 m x 0.5 m board placed on the most representative segment of the slope 
profile. For stepped claystones, the dip was taken along the imaginary rectilinear profile 
line defined by connecting the series of miniature tread and riser intersection points. The 


compass was hand-held for a few measurements where the inclined board could not span 
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two or more of these points. 

Slopes were sampled over a 6 km? area, with most measurements taken from 
outside the boundaries of the main watershed. It was necessary to expand the sampling 
area in order to locate a sufficient number or paired slopes meeting the requirements set 
by slope orientation criteria. As major emphasis was placed on finding such slopes, 
possible bias towards slope selection according to any pre-conceived notions of 
steepness relationships was eliminated. Selection bias was also dampened by the practice 
of not tallying measurements during interim periods. All values were tabulated only after 
sampling was complete, and results were statistically evaluated using the chi-square (X?) 
test. 

in addition to the direct and indirect field measurement techniques employed to 
investigate snow-related geomorphic response, photographically-recorded visual 
observations of mid-winter erosion activity provided much evidence as to the importance 
of snow in the badlands. In combination, the methods and procedures used to evaluate 
snow accumulation, distribution, means of disappearance, and geomorphic response 
yielded a good basis for development of a snow relationship theory which will augment 
knowledge gained through rainfall investigations, and the understanding of badland 


geomorphic evolution. 


- / - ee Pu Pte 
Tee athgrnD vier ort oritean 2eqorm& ens ka, 


BeGRIe Fave pr itinit no copay ome - a mains. 


16 aneite: bevinorina-974 Ye OTE 

#altoa a@arth ye be eqmen oak now 
Gaile Yieie beled out sve covley 4 
(OO enaupe*ito ori oniau HeTeleNe 


GF Bey olarite seuprw'oe! ‘ armanawemect § 
Bus bebriose rvileoritae goto: eanogeen a 
Seog 207 6) as sscebive > tenebivetd v7 
eiauinva o) bewy Gor cets 19 Gtw eborien) ant, 
@aioro-virlqocresee ere eons teeqgselb: to 
Pa sli MTs oon! qelenantsiet wore ie} , 
brudod te.onibosraroenu ert one enoiteg@asver 


op | Sinker 
4 fin eS 
«6 0th ge obs proyee 


7a a 
a) i poh ene Oey 
‘ : rin ee ed 


4. RESULTS AND DISCUSSION 


4.1 Snow Accumulation 

Meteorological records obtained from the AHRC station for the winter of 
1981-1982 provide data on snow accumulation that serves a triple purpose. First, it is 
used as a comparison to past years, to determine the “normalcy” of snow accumulation 
during the 1981-1982 season. Secondly, it is compared to and used in support of snow 
measurements taken within the watershed, and third, it is employed both mathematically 
and qualitatively in places where field measurements or observations are lacking. In 
combination, meteorological data and field measurements provided a good estimation of 
total seasonal snow accumulation, as well as intra~seasonal and total water available 


(potential runoff) to the catchment. 


4.1.1 Snowstorm Frequency, Magnitude, and Total Season Snow Accumulation: 
AHRC Records 

A seven month calendar (Table 4.1) depicts the daily and monthly snow 
accumulation and snow/ water equivalents recorded at the AHRC station during the 
1981/1982 season. Snow fell on forty-eight days during the season, excluding those 
days in which trace amounts were recorded. Of these snow days, only eight received 
amounts equal to or greater than 5.0 cm, and 10.0 cm or more fell during just two 24 
hour periods, both in March. Although there was a high frequency of snowfails, the 
magnitude of daily accumulation was very small, averaging just 2.9 cm per day for the 
forty-eight days receiving snow. 

Despite the small daily snowfall values, the 1981-1982 season experienced one 
of the largest accumulations on record in terms of monthly and total annual snow 
quantities. This is evident in Table 4.2, in which the 1981-1982 monthly and total snow 
accumulation appear with the mean monthly and mean annual accumulation values of the 
previous twelve snow seasons. The data (Table 4.2) shows that the total snow 
accumulation for the 1981-1982 season (141.0 cm) exceeds the previous twelve year 
mean accumulation (90.3 cm) by the relatively substantial value of 50.7 cm. According to 


the AHRC records, the 141.0 cm of snow yielded a total of 105.0 mm of water 
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(AHRC), PLUS CHINOOK DAYS OCCURRING DURING THE 1981-1982 


DAILY AND MONTHLY SNOWFALL AND WATER EQUIVALENT VALUES 
SNOW SEASON. 
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TABLE 4.2. MEAN MONTHLY AND MEAN ANNUAL SNOWFALL 
RECORDED AT THE AHRC FOR TWELVE SNOW 
SEASONS VERSES MONTHLY AND TOTAL SNOWFALL 
RECORDED AT THE AHRC FOR THE 1981-1982 
SNOW SEASON. 


AHRC Snowfall (cm) 


Yearly 
Snow Season Sep Oct. Nov Dec Jan. Feb. Mar. Apr. May Total 
1969 - 1970 0 6.4 3.8 6.4 39.4 Sats} WOo7 26 Ul IBeS 
7.2 USA 0 3.8 i.e WGa5. S89 15.2 IOS T 0 HOS 
See Sy72. 0 od Ti RASS) Pol BR. | Soil iO.5 © 99.6 
S74 > ASifs} By6 || We3 Wn Beez Th Wad Sisle) Se. © ile: 
1973 - 1974 0 T 18.5 16.5 31.8 6.4 16.5 6.4 0 96.1 
1974 - 1975 0 0 .) 20.3} Fold 3.0 27. 25.7 1o3 WiSo 
Iy7is = S77 0 eS MESS) IGS hod} a 8.6 est 94.3 
1976 - 1977 0 10 She | Tae N35 0 21.6 Zae Y Oe )0. 
1977, =. b978 0 0 W209 28.4) 92720) Ale Ou mes con TUO cd eO 94.2 
1978 - 1979 0 dj 24.6 19.5 eS) YWSo7/ hs 15.8 5.7 Soll 
1979 - 1980 0 5.07 1G Om meOc slr anion Olme2 35 46 mee D 0 84.7 
1980 - 198] 0 6.4 IW. BS),0 852 353 Base T 0 100.7 


12 Year Mean Onsen 2S sil PX Wor W205 3.7 Hod Ole 90.3 


1981 - 1982 0) 0 Wo Voll Boss. Wo S2.9 WS 3.5 WNse 


Snow/Water Equivalent (mm) 105.0 
T = Trace Recording (<0.2 cm) 


Data Sources: see Figure 4.1. 


Note: Monthly snow accumulation values for the 1981-1982 season differ 
slightly from those appearing in Table 4.1. Snow falling in the 
early morning hours of the first day of a given month is counted 
towards the last day of the preceeding month in this Table, in 
accordance with the AHRC method of recording snowfall, and for 
purposes of comparison to records of previous years. Values were 
adjusted to the true day on which snow fell, in Table 4.1. 
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equivalent (Table 4.1), which, in comparison to the twenty-seven year total mean annual 
precipitation value of 335.5 mm (Table 1.1 in Chapter 1), represents close to one-third 
(31%) of the mean annual precipitation normally received in the region. As noted 
previously in Chapter 1, the mean percentage of water derived from snow is usually close 
to one-quarter of the total annual precipitation received. Hence, total snow accumulation 
and snow / water equivalent recorded during the 1981-1982 season was substantially 
more than in previous years. 

Used with Table 4.2, Figure 4.1 illustrates the monthly distribution of snow 
accumulation recorded at the AHRC during the field season. As shown on the graph 
(Figure 4.1), monthly snow accumulation during 1981-1982 remained below the previous 
twelve-year mean until January, at which time it surpassed and sustained greater 
accumulation values than the twelve-year monthly mean. Especially conspicuous in Figure 
4.1 are the accumulation columns for January and March of 1982. Both months show 
uncharacteristically high snowfall quantities that are much greater than the monthly mean 
accumulation (refer to Table 4.2). In January, 26% of the total season accumulation fell. 
March received 38% of the total season snowfall. Together, the two months received 
64% of the snow accumulation recorded over the five-month period for which snow fell, 
and account for the extremely high total season snow accumulation. Table 4.2 and Figure 
4.1 also demonstrate the temporally large variability in snowfall from month to month as 


well as from one year to the next. 


4.1.2 Total Season Water Equivalent, Snow Accumulation, and Volumetric Runoff 
Potentia!: Snow Gauges and Extrapolated Results 

As mentioned in the previous chapter, water availability and snow accumulation in 
the field region was monitored with Murton snow gauges until March 15, 1982. During 
this time, twelve separate depth measurements of snow/ water equivalent were taken 
from both gauges. These values plus cumulative water equivalents appear in Table 4.3 and 
Figure 4.2. For comparative purposes, corresponding water equivalents from the AHRC 
are also included in Table 4.3 and Figure 4.2. Snow/ water equivalents recorded after the 
last set of Murton gauge readings (noon of March 15) at the AHRC are graphed in Figure 


4.2, and the values correspond to actual snowfall dates. 
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Figure 4.1. Mean monthly snow accumulation at the AHRC for twelve snow seasons 
(1969-1970 to 1980-1981) versus monthly snow accumulation at the AHRC for the 


1981-1982 snow season. 
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Table 4.3 shows that water equivalent (we) values among the two gauges and the 
AHRC varies for every measurement period, but that no one set of values vary ina 
consistent manner with respect to the others. There are, however, some conspicuous 
discrepancies which are easily explained. Between January 14 and 16, the graph (Figure 
4.2) depicts a sharp, extended rise in the cumulative we line of sb-X, such that it crosses 
the sb-Y we line. Both sb-Y and the AHRC registered small increases in water equivalent 
during this period (1.3 and 1.6 mm respectively, Table 4.3), yet sb-X recorded more than 
three times more water (5.1 mm) than either of these places. AHRC snow data (Table 4. 1) 
shows that 2.0 cm of snow fell on January 14th, but that none fell on the 15th. The 
snowfall of the 16th occurred subsequent to the Murton gauge reading of that day. It is 
extremely unlikely that 2.0 cm of snow could produce 5.1 mm of water under the 
meteorological conditions present at the time of snow deposition. Obolenskii (1929, in 
Chebotarev, 1962) shows that the mean snow density of freshly fallen snow at 
temperatures below - 10°C averages 0.075 g cm, with a maximum density of 
0.238 g cm’. The highest temperature recorded in the Park during the January 14 
snowfall which began at 5:30 p.m. was -17.5°C. For 2.0 cm of snow, a 5.1mm water 
equivalent would produce a snow density of 0.255 g cm, which is larger than the 
theoretical maximum density obtainable at this temperature. This evidence therefore 
substantiates the notion that the we value at sb-X for January 16 is incorrect. 

Additional evidence as well as the explanation for the sb-X discrepancy was found 
through field observations. Shortly before 12:00 noon on January 14, one hour after the 
snow gauge measurements of this day were taken, an Arctic frontal system with 
accompanying cold temperatures and strong winds rapidly moved into the field region 
from the north (see Figures 4.3 and 4.4). Although no snow fell until 5:30 p.m. on this 
day, fierce winds caused blizzard-like conditions, with snow blowing fiercely for the 
followng 28 hours. Upon the arrival of the front, snow was observed drifting into the 
Murton gauge of sub-basin X from the upper grassed surface that comprises the basin's 
north boundary. Thus, the location of the gauge with respect to both the surrounding 
physiography and the directional velocity of the wind produced an overcatch of snow, 
resulting in the excessive we value measured two days later, on the morning of January 


16. 
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Figure 4.3. North view of sub-basin X. Seen is the approaching Arctic cold front (dark 
band on horizon). Photo taken at 11:40 am., January 14, 1982. Snow gauge for scale. 


Figure 4.4. Southwest view of the main watershed and arrival of the Arctic front. 
Accompanying fierce north winds and blowing snow (from right to left) begins to obscure 
the view of distant badlands. Photo taken at 11:50 am., January 14, 1982. 
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The snow gauge located in sb-Y was not subjected to overcatch, as there were no 
topographic obstacles in the gauge vicinity. That is, the gauge was situated at a higher 
elevation relative to the main watershed, and was thus much less susceptible to overcatch 
by far-ranging blowing snow, redistributed from higher topographic features. Therefore, 
on January 16, it correctly registered only the 1.3 mm of water derived from the 2.C cm 
snowfall of January 14. 

These qualitative field observations were quantitatively supported by AHRC 
records and radio reports. AHRC anemograph charts show an abrupt wind change from 
west to north at 12:00 noon on January 14. The velocity of these north winds averaged 
42 km hr for the next four hours (12:00 noon to 4:00 p.m.), and averaged 26 km hr=} 
for the following 24 hour period (4:00 p.m. January 14 to 4:00 p.m. January 15). Radio 
briefs at 3:00 pm on January 14 (CKBR-Brooks) reported wind gusts of over 60 km hr?, 
and a maximum visibility through blowing snow of less than 15 m. In addition, most local 
highways were closed on the evening of January 14, and not reopened until the morning 
of January 16. By this time, the Arctic front and strong winds had passed, although the 
field area remained under the influence of the invading high pressure system and 
associated cold temperatures (-34°C minimum, -24.5°C maximum during the morning 
hours of January 16). As shown, these records and field observations adequately explain 
the variation in gauge catch recognized during this period in mid-January, 1982. 

A similar minor discrepancy is seen in Table 4.3 and Figure 4.2 among the we 
values measured on February 18. As illustrated on the graph, the we lines of sb-Y and the 
AHRC remain horizontal (no snow recorded) between the gauge measurements of 
February 13 and 18, yet that of sb-X rises slightly. Since no snow fell between these 
days, redistribution of snow must be the cause of the 1 mm we measured in the sb-X 
snow gauge on February 18. AHRC anemograph charts again support this claim, showing 
fairly strong north winds on the evening of February 13 through the morning of February 
14, with a peak average hourly velocity of 24 km hr-?. 

The we line (Figure 4.2) of the AHRC continues horizontally to the next snow gauge 
measurement date (February 21), yet both Murton gauges recorded measureabie amounts 
of water. No snow fell between February 18 and 21, except during the morning of 


February 21. For this day, the AHRC recorded a trace of snow (< 0.1 cm), but a number 
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of ruler depth readings taken in the field area revealed that approximately 1.0 cm fell in 
Dinosaur Park. Thus, the discrepancy between the AHRC recording and those of the 
Murton gauges Is partly explained by an areal variability of snowfall. 

As implied, spatial differences in snowfall are not entirely responsible, and do not 
explain the 2.0 mm excess water equivalent measured in the sb-X snow gauge (2.5 mm) 
versus the sb-Y gauge (0.5 mm) on February 21. Between measurements taken on 
February 18 and 21, very strong southwest winds invaded the field region. However, it is 
doubtful that these winds caused the small overcatch of the sb-X gauge, because there are 
no topographic obstructions to the southwest, from which snow could have been blown 
into the gauge. Anemographs show an abrupt wind change from southwest to northwest 
at 2:30 a.m. on February 21. These winds continued for the next 11 hours, peaking at 
39 km hr! between 7:00 a.m. and 8:00 a.m. on February 21. It is highly likely that these 
winds caused the overcatching of snow measured in the sb-X gauge later that day. 

Water equivalent data in Table 4.3 show that the sb-X gauge overcaught those of 
sb-Y and the AHRC for seven of the eleven measurement periods. In addition, the AHRC 
registered larger water equivalents than sb-Y seven times. In general, it may be concluded 
that the cumulative we of the sb-X gauge as of March 15 (64.1 mm) is larger than that 
recorded by the sb-Y gauge (53.5 mm) due to the periodic overcatching by the former 
gauge under strong northerly winds. The generally higher we recordings of the AHRC 
versus sb-Y are most likely due to a naturally-occurring larger snow accumulation at the 
AHRC station. This notion is best supported upon consideration of the mean annual 
snow / water equivalents recorded by meteorological stations surrounding the field area, 
which are depicted on the isohyetal map of Figure 4.5. The map depicts a portion of 
southeastern Alberta that characteristically receives the least snow accumulation of the 
province. In the centre of this region lies an anomalous, east-west trending band (shaded 
pattern, Figure 4.5) of particularly low water equivalents (< 90 mm), which varies in width 
from approximately 25 km to 110 km. As shown, four of the five stations located within 
a 35-km radius of Dinosaur Park register less than 90 mm of water. The exception is 
station P, the AHRC, which records 96.6 mm (see Appendix C for station names). From 
the location of Dinosaur Park with respect to nearby stations, it is clear that the field area 


should normally receive an annual total season snow / water equivalent of about 85 mm, 
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Figure 4.5. Mean annual snow/water equivalents (mm) for stations in southeastern Alberta. 
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or, in general, approximately 10 mm less we per year than the AHRC station. Thus the 
13.7 mm less cumulative we measured in the sb-Y versus the AHRC gauge on March 15 of 
the 1981-1982 snow season (Table 4.3) is considered the result of a natural spatial 
decrease in snow accumulation. 

As previously noted, the Murton snow gauges register the depth of water derived 
from snow, but not snow accumulation. Therefore, it was necessary to estimate the 
depth cf accumulation in the field area by dividing the mean snow density of freshly-fallen 
snow as recorded by the AHRC station (0.071 g cm? from the first snowfall of November 
13, 1981 to March 15, 1982) into the total we of the snow gauges. Given that most 
snow gauges are subject to measurement errors (Weiss and Wilson, 1957; Unesco ef a/., 
1970; Larson and Peck, 1974; Goodison and McKay, 1978), due mainly to undercatch 
caused by wind, it was felt that averaging the two Murton gauge cumulative we values 
would give a better estimate of we up to March 15, 1982. That is, the slight overcatch of 
the sb-X gauge, and the probable slight undercatch of the sb-Y gauge together yield the 
average we of 58.8 mm, which is within general agreement with the 10 mm less water 
expectancy of the field area versus the AHRC (67.2 mm). 

Using the average Murton gauge value of 58.8 mm and the AHRC average snow 
density of 0.071 g cm’, it is estimated that the badlands received approximately 82.8 cm 
of snow from November, 1981 to March 15, 1982. Due to its higher we value, the AHRC 
received 94.2 cm during this same period. The latter number is reasonable when 
compared to the preceding twelve-year total-season mean snow accumulation value of 
90.3 cm (Table 4.2). However, as stated earlier, the abnormally large snow accumulation 
occurring after March 15, 1982 elevated the final AHRC accumulation figure to 141.0 cm. 

Since no Murton gauge measurements were taken after midday on March 15, the 
total season water equivalent and total season snow accumulation values for the field area 
(November 14, 1981 to May 7, 1982) were extrapolated using AHRC records. For the 
total season we, the partial season (up to March 15) average we of the two field gauges 
(58.8 mm) was proportionately cross-multiplied by the ratio of the partial (67.2 mm) to 
total season (105.0 mm) water equivalents recorded at the AHRC.!! This resulted in a total 
season field we value of 91.9 mm (versus 105.0 mm for the AHRC). This calculation 


Similar extrapolation methods are employed between nearby climate stations by 
Environment Canada to estimate missing meteorological data. 
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yields a total accumulation depth of 124.2 cm, which is 16.8 cm less snow than that 
recorded at the AHRC (141.0 cm) for the 1981-1982 season, yet 8.4 cm larger than the 
highest total snow accumulation recorded at the AHRC (115.8 cm) during the previous 
twelve seasons (Tabie 4.2). On this basis, the total season potential snowmelt runoff for 
the main watershed amounts to 30,953 m? of water. Obtained by multiplying total season 
snow / water equivalent depth (91.9 mm) by basin planimetric area, this figure is 
considerable, and, as a comparison base, equals the equivalent total precipitation input of 


slightly more than six 15 mm rainstorms 


4.1.3 Intra-season Snow Accumulation and Runoff Potential: Snow Surveys 

In this study, data obtained through the monitoring of snowcover characteristics 
could not be used in a conventional manner as an indication of the seasonal progression of 
water availabiltity and total runoff potential at the onset of the spring melt period. This is 
due to the inability to maintain routine snow surveys because of frequent disappearance of 
snow from survey points as caused by both mid-winter snowmelt episodes and severe 
snow redistribution by wind. However, data obtained during three mid-winter snow 
surveys provides information on water availability for specific time periods, which is 
useful to the evaluation of the nature of snow accumulation within the sub-basins. The 
data also yields estimations of water available to the entire catchment at the time of the 
snow surveys. Hence, potential volumetric runoff estimates are similarly compared to the 
magnitude of water input recognized during rainstorm events. 

Average data calculated for the three snow surveys taken in 1982 (January 17, 
February 5, and March 15) appears in Table 4.4 (individual survey point data is detailed in 
Appendix D). For the survey of January 17, each average snow density measurement 
(Table 4.4, column 3) represents the total average density calculated for every snow depth 
sampling point in all sub-basins, as opposed to densities calculated for each individual 
sub-basin. This was done because it was found that the spring balance used to weigh 
snow cores (the weighing-in-field method) was not sufficiently sensitive to give accurate 
density readings from snow samples of less than about 6.0 cm. Therefore, for this 
survey only, density measurements were found by sampling points within the sub-basins 


which contained greater than 6.0 cm of snow depth (Appendix D1, column 2). Due to this 
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biased sampling scheme, it was felt that the most representative density measurement for 
each sub-basin should reflect the average density of a// sampled points (0.15 g cm’?). 

The density values of the two remaining snow surveys are taken directly from the 
actua/ snow course survey points. This was done using the bulk sampling method 
(described in Chapter 3). For all surveys, density measurements were multiplied by the 
snow depth measurements taken at the survey course points, to compute snow/ water 
equivalents and thus volumetric water availability. 

Table 4.4 shows that for each snow survey, sub-basin Y retains a higher 
snow / water equivalent value (column 4) than the other two sub-basins, and thus 
consistently holds more water per unit area. This is true for the survey of January 17 
because sb-Y possessed a larger average snow depth than sub-basins X and Z. On 
February 5, sb-Y displayed not only a higher snow depth, but also a higher average density. 
Even though sb-Y measured less average snow depth than sb-X on March 15, it retained 
more water per unit area due to the larger average snow density value. 

The higher we values recognized in sb-Y for the first two snow Surveys are 
attributed to the larger snow accumulation (average snow depth) present in this basin. This 
is evident because the same snow densities (0.15 g cm”) were used in each sub-basin we 
calculation for January 17. Even if sb-Y retained the same, lower average density as sb-X 
(0.15 g cm) on February 5, the larger snow depth would still give a larger per unit area 
water equivalent. 

The larger snow accumulation measured in sb-Y is attributed to snow redistribution 
as a function of basin form. Both surveys (January 17 and February 5) were conducted 
after severe snow crifting had taken place, at times when there was minimal freshly-fallen 
snow on the ground. As discussed earlier, the high-speed north winds occurring on 
January 14, 1982 had a major influence on snow redistribution in the watershed, which 
also affected the amount of snow measured during the January 17 survey. Likewise, on 
January 26, 1982, eight hours of southwest winds with a mean velocity of 43 km hr? and 
a peak hourly speed of 50 kmhr™ significantly redistributed the snow which fell on each 
of the previous seven days (Table 4.1). The resulting snow redistribution patterns, which 
will be examined in more detail in the next section of this chapter, were still evident when 


the snow survey of February 5 was taken. 
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The major effect of these two periods of high-velocity winds on the snow 
surveys was to partially remove the reserves of snow that had originally accumulated in 
sub-basins X and Z. As shown in Chapter 3, these two sub-basins display similar forms, in 
that they possess rather expansive, flat-lying lower basin areas which exhibit a generally 
low surface roughness, with minimum obstacle interference. Thus, these lower basin 
zones are highly susceptible to snow depletion by wind. In contrast, the deeply-incised 
nature of sb-Y decreases wind shear velocity within the basin confines, and reduces the 
amount of snow which may be lifted and removed. These reasons, based on the 
relationship between basin form and snow redistribution account for the similarity 
between average snow depths recorded in sb-X and sb-Z on January 17 and February 5 
(Table 4.4, column 2), and for the larger amounts of snow measured in sb-Y on these 
dates. 

The variability in snowpack depth, density, and water equivalent values recorded 
among the sub-basins during the first two snow surveys was generally small for the 
survey of March 15, 1982. This is due to the fact that this survey was conducted on a 
newly-derived snowcover which was not subjected to much wind disturbance. 
Furthermore, the survey took place one day subsequent to the termination of a major 
snowmelt runoff period, thus there was very little old snow present to cause significant 
variations in the survey measurements (Figures 4.6 and 4.7) Evidence of the relatively 
uniform character of this snowfall is seen in that snow densities measured at individual 
survey points (Appendix D3, column 3) vary little (range difference equals 0.05 g cm), 
reflecting the undisturbed nature of the snowpack. In contrast, density values for the 
previous two surveys are less similar (range difference equals 0.289 g cm), with some 
points yielding densities of 0.200 g cm? or more. Such densities indicate the presence of 
crustal layers within the snowcover, caused by partial melt and refreeze as well as 
compaction by strong winds. Thus, the lack of high-velocity winds as well as an 
opportunity for partial melt during this March 15 snowfall did not, at the time of the 
survey (11:00 a.m. to 12:00 noon), permit a significant depletion of snow from 
sub-basins X and Z. 

A small degree of snow redistribution did occur however, during the morning 


hours of March 15, but most redistribution took place intra-basinally, in the form of snow 
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Figure 4.6. East view of the main watershed on March 14, 1982. 


CT Pen eS 


Figure 4.7. East (same) view of the main watershed on March 15, 1982. 


PAS) 


creep, and thus very little net snow accumulation was lost from any of the sub-basins. 

The effects of this minor redistribution episode are most easily recognized in sub-basins X 
and Z, which show a higher range of snow depth values (Appendix D3, column 1) than 
sub-basin Y. The extreme uniformity of depth values in sb-Y again demonstrates the 
ineffectiveness with which wind can dislodge snow particles within this basin. 

The vegetation cover of both sub-basins also accounts for the slight 
non-uniformity of the sb-X and sb-Z snowcovers in terms of snow density. Appendix D3 
data reveals that the lowest snow densities (column 3) measured on March 15 in sb-X 
occurred at points 3, 4, and 5, all of which lie on grassed surfaces. Points 6 and 7 in 
sb-Z, which both have the lowest density values of this basin, are likewise situated on the 
grassed, upper portion of the basin. 

In conjunction with the findings of Goodison (1978), Gray et a/. (1978), and 
Fitzgibbon and Dunne (1979), in which the most dense landcover classes surveyed 
typically retained higher snow depths, it is expected that grassed areas within the study 
basin, which represent the most dense vegetation class in the watershed, should retain 
higher snow depths and lower snow densities than the unvegetated survey points. 
Although snow densities in the grassed areas are generally lower for this survey, snow 
depths are not correspondingly high. This is attributed to the apparent ease with which 
snow was biown from these grassed areas, which are unobstructed by topographical 
features in both sub-basins. Furthermore, grass height, especially in sb-X, is extremely 
short, and offers little protection from snow removal by wind. Hence, for the March 15 
snow survey, the generally low average snow density of sb-X (0.08 g cm -- Table 4.4, 
column 3),-contributed to the lower water equivalent value obtained for this sub-basin, 
even though the basin recorded an overall higher accumulation depth than the other 
sub-basins. 

Because of snow drifting, volumetric water availability values calculated for the 
sub-basins and the entire watershed (Table 4.4, column 5) represent an underestimate of 
the amount of water present at the time of the snow surveys. This is because most of the 
snow survey points were located in areas more favourable to snow erosion rather than 
deposition. Thus, total average snow depth and volumetric water figures generally do not 


take into account the snow and water equivalent contained in those areas (to be discussed) 
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susceptible to higher snow accumulation via redistribution. 

Volumetric water availability values for the watershed (Table 4.4, column 5) 
suggest that at the time of each snow survey, the amount of water present was sufficient 
to potentially generate runoff. This conclusion is based on comparison of these 
volumetric estimates to those calculated for runoff-producing rainstorms of 1981 and 
1982 (see Table 2.3, Chapter 2). The total watershed volumetric snow/ water values of 
3,402 m3, 4,075 m', and 2,324 m3 respectively equal water depth inputs of 10.1 mm, 
12.1 mm, and 6.9 mm, which are equivalently comparable to inputs derived from 
lower-precipitation. runoff-producing summer rainstorms (see Table 2.3, column 3). 

it should be pointed out that due to partial snow depletion and runoff events 
occurring between surveys, most of the water recorded on the survey dates represents 
snow that was newly-generated between surveys, rather than simple additions or 
subtractions to accumulations derived before the surveys. Therefore, volumetric 
snow / water availability for the survey dates may be considered as individual potential 
runoff values, in much the same manner as are water potential values of isolated 
rainstorms. For this reason, volumetric snow / water figures for the three surveys may be 
justifiably added to obtain an estimate of total water available to the watershed from 
January 17 to March 15. The results show that close to 10,000 m> of water (9,801 m*) 
was present during this period, which represents almost one-third of the total season 
snow / water available in the catchment (30,953 m+’) as determined by the Murton gauge 
computations. 

It is important to state that the 9,801 m° figure is a conservative estimate, and 
does not inclusively reveal the tota/ potential runoff present from January 17 to March 
15. This is partly due to the fact that the volumetric snow/ water values are minimum 
estimates (snow drifting from survey points), but additionally, because there were some 
snowfall events and minor melt sequences (in addition to a major melt period) occurring 
between surveys which could not be measured. Hence, the actua/ total input during this 
period should be slightly larger than the total amount (8,80 1 m’) derived by the addition of 
watershed snow/ water volumes of the three surveys. This assertion was originally made 
without prior consideration of the Murton gauge data for the corresponding time interval. 


It was subsequently discovered that from January 17 to March 15, the average cumulative 
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we value of the gauges measured 32.45 mm. This figure represents a total watershed 
volumetric snow/ water input of 10,929 m?, which is indeed, for the reasons cited above, 
slightly greater than that determined through the snow surveys. 

Murton gauge and AHRC snow data presented in this section show that the field 
area received a very large snow accumulation during the 1981-1982 season, equal 
approximately to one-third of the expected total annual precipitation. However, snow 
survey results indicate that snow accumulation is affected by wind, resulting in a 
redistribution and reconcentration of snow and water in certain areas, and by mid-winter 
melt episodes, resulting in premature partial depletion of snow reserves. The implications 
of these activities will be discussed in the following sections, to ascertain their importance 


to the magnitude and frequency of watershed runoff and geomorphic response. 


4.2 Patterns of Snow Distribution 

Due to the varying nature of snow distribution events, field observations and 
results obtained throughout the 1981-1982 season are considered and discussed within a 
framework of four time intervals, each ranging from 2.5 to 6.5 weeks. For each period, 
wind activity and its influences on snow distribution are outlined. The overall summary of 


snow distribution patterns for all periods is presented after this series of discussions. 


4.2.1 Period 1: November 17 to December 31, 1881 

In terms of snow redistribution by wind, this period exemplifies minimal activity. 
This is due to a relatively small snow accumulation during the period (see Table 4.1), and 
particularly to the lack of high-velocity winds to permit significant snow drifting. AHRC 
records show that the first snowfall of the season occurred on November 17, 1981 
(1.0 cm) and continued into the next day, dropping a total of 7.0 cm. At the time of 
deposition, winds were light, shifting from northeast to southeast. Although the author 
was not present for this snow event, it is probable that snow redistribution was negligible 
in the absence of sustained, strong wind activity. In addition, the duration of snow on the 
ground, and thus the duration of susceptibility to wind redistribution was extremely short. 
AHRC records reveal a total disappearance of this snow by November 23, as the result of 


chinook activity (to be discussed). 
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The only observed case of snow drifting during this first period occurred on 
December 13-14, but even this was minor. Although no snow was recorded at the AHRC 
station, 0.5 cm fell uniformly over the Park on the evening of December 11, with virtually 
no wind disturbance. An additional 1.5 cm of light snow was added on the evening of 
December 13 and morning of December 14. (The AHRC received approximately 5.5 cm 
more snow accumulation at this time.) As seen in Figure 4.8, this snowfall also coated the 
field area in a uniform manner, with thinner deposits found on the steepest slope 
segments. Several sets of snow profile measurements taken along pediment and fan 
surfaces throughout the watershed revealed a consistent range in depth, varying from 1.5 
One 7U, chine 

For the December 13-14 snow period, AHRC anemographs show a peak wind 
speed of 13.0 kmhr-? (3.6 ms") from the southeast. This wind velocity exceeds the 
threshold shear velocity of 3.0 m sec"! for initial snow particle dislodgment of 
newly-fallen snow (McKay and Gray, 19871), although it falls short of most other threshold 
estimates (see section 2.12 -- chapter 2). Field observations showed that the snowcover 
was removed only in the vicinity of unvegetated, unobstructed hillslope crests or 
interfluves (of sandstones and claystones) located at high elevations within the catchment. 
Even so, such crests remained snow-covered, with only those surfaces composed of 
disaggregated claystone showing evidence of the southeast wind flow, in the form of 
streamlined snow drifts generated to the lee of micro-scale protuberances (Figure 4.9). In 
all, no significant snow redistribution or preferential accumulation was recognized during 


period 1. 


4.2.2 Period 2: January 1 to January 17, 1982 

During this period, the field area experienced cold temperatures, with an average 
daily maximum temperature of -22°C, and an average daily minimum temperature of -29°C. 
Table 4.1 shows numerous small snowfalls were received during the first two weeks of 
this month. AHRC snowfall data reveals that 24.8 cm of snow fell during this time, and 
average Murton gauge data indicates an approximate accumulation of 15cm. A 
1m? x 1m? snowboard placed in a flat, open area in the Park measured 10.0 cm of snow 


between December 15, 1981 and January 12, 1981. This information implies that as 
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Figure 4.8. Uniformly-distributed shallow snowcover in sub 
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accumulation which fell from December 11 to 14, 1982. 
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Figure 4.9. Micro-scale, streamlined snow deposits on the northwest sides of claystone 
aggregates indicate snow drifting under southeast winds of December 13 and 14, 1981. 
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expected, the field area received less snow than the AHRC. In addition, the 5.0 cm less 
snow recorded on the snowboard versus the the Murton gauge average is mainly 
attributed to the settling of snow, but also to partial depletion by wind. 

AHRC records of January 1 through January 12 show that wind velocity 
(magnitude and direction) was highly variable, and that snowstorms occurred under 
generally light, but some strong wind speeds. Although no noticeable preferential snow 
distribution was observed upon arrival in the field on the afternoon of January 13, 19 
hours of strong, alternating southwest and west winds began at 4:30 p.m. of this day, 
resulting in a significant snow drifting-episode. Wind speeds during the 19 hours 
averaged 29 km hr=! (8.0 m sec"}), and maintained a peak speed of 39 km hr! 

(10.8 m sec’!) from the west between 9:00 and 10:00 a.m. of January 14. As aresult of 
these strong west winds, much snow was blown into gullies, vegetation-filled channels, 
and other surface depressions. Gullies with long axes trending north-south retained up to 
75 cm of snow under transverse wind deposition. East-facing slope lees also retained 
large deposits, derived from smooth pediment/ fan surfaces as well as windward-facing 
slopes (Figure 4.10). 

High-velocity west winds were abruptly replaced at 12:00 noon on January 14 by 
the strong north winds of the invading Arctic front mentioned earlier in this chapter. 
Recalling that these north winds maintained an average speed of 42 km hr (11.7 m sec*}) 
for the first 4 hours, and yielded gusts of 60 km hr-! (16.7 m sec), it is easily seen that 
these speeds were more than adequate to cause significant snow movement. In fact, 
these speeds easily surpass the minimum threshold shear velocities (8.0 m sec"! to 
10.5 m sec?) suggested by Kungertsev (1956) and Kotlyakov (196 1) to move moderately 
compact and wind-hardened snow. 

Some important discoveries were made concerning preferential snow distribution 
under the January 13-14 west winds and January 14-15 north winds. Field observations 
during this visit (as well as subsequent ones) showed that snow consistently amassed in rill 
channels and was blown free of slope interfluves regard/ess of wind direction, provided 
wind speed was of sufficient magnitude to initiate blowing snow. Evidence of this is 
shown in the photographs of Figures 4.11 and 4.12. Figure 4.11 depicts a north-facing, 


aggregate-mantled claystone slope subjected to the strong, transverse west winds. As 
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Figure 4.10. Strong west winds of January 13-14, 1982 (wind direction right to left) 
permit substantial snow deposition to the lee side of this claystone slope in sub—basin X. 
Metre stick for scale. 
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Figure 4.11. Transverse—oriented west winds of January 13-14 (blowing left to right in 
photo) remove snow from interfluves of this north-facing claystone slope (sb-Z), while 
depositing it within adjacent rill channels. 


Figure 4.12. North winds of January 14-15 compact blowing snow into rills of this 
windward- and north-facing sandstone slope (sb—Y), while removing it from smooth 
inter fluves. 
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seen, interfluves were exposed, retaining little snow. Figure 4.12 depicts another 
north-facing slope, composed of sandstone, which also illustrates preferential snow 
distribution in rills. Strong north winds of January 14-15 compacted snow into these 
small depressions, while easily removing it from the adjacent interfluve surfaces. 

Comparison of Figures 4.11 and 4.12 demonstrates that rilled sandstone slopes 
exhibit more distinctly-defined accumulation zones than rilled claystones. The latter 
generally sport a higher micro-scale surface roughness, thereby permitting more snow 
entrapment and depostion on interfluves. Preferential snow distribution in rill depressions 
of all slope orientations was observed continuously throughout the field season. The 
geomorphic implications of this will be outlined in a later section of this chapter. 

The north winds of January 14 and 15 caused a number of other significant 
changes in the location of watershed snow reserves. in addition to the snow retention 
observed in rills, large quantities of snow were redistributed onto south-facing slopes. 
Although recognized on south slopes of all lithologies, this was particularly obvious on 
sandstones, where smooth, north-facing slope interfluves easily permitted snow 
entrainment and redeposition onto the opposite, south-facing slope faces (Figures 4.13 
and 4.14). Significant snow drifts formed at the bases of south slopes, with a gradual 
upslope thinning. As expected, snow drifts also formed to the leeward side of smaller 
obstacles (Figure 4.15) and vegetation clumps (Figure 4.16). Larger accumulations were 
added to many of the already snow-Tilled incised gullies and collapsed piping channels. 

Field observations upon cessation of the January 14-15 redistribution episode 
revealed that flat-lying surfaces, including pediments, alluvial fans, and areas covered in 
short grasses were primary source locations for drifted snow. Many near-level surfaces, 
such as those depicted in Figures 4.17 through 4.20 were rendered almost snow-barren 
during the windstorm. Slope interfluves, steep slope faces, and slope ridges served as 
secondary depletion areas in terms of bulk snow removed. In combination, the strong 
westerly winds of January 13-14, and the north winds of January 14-15 piled largest 
accumulations into surface depressions and onto slopes of eastern and southern 
exposures. 

Further support for statements made on the locations of snow drifts is gained 


upon consideration of the depth of accumulation on January 17, at those survey points 
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Figure 4.13. Head basin area of sub—basin Y on January 16, 1982. Note snow filled rills 
and wind-swept interfluves on the north-facing sandstone divide. Opposite, south-facing 
slope is completely snow covered. 
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Figure 4.14. Knife-edged crest of a sandstone slope in sub—basin Y on January 16, 1982. 
North winds of the previous two days redistributed snow from interfluves on the 
north-facing slope (28° mean slope angle) to the south-facing, wind—sheltered slope (48° 
mean slope angle). 
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Figure 4.15. Hoodoo in sub-basin Y showing maximum snow redistribution on the 
south-facing flank (January 16, 1982). 
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Figure 4.16. Vegetation clumps stabilize blowing snow that would otherwise be removed 
from this flat, relatively smooth pediment surface (January 16, 1982). 
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Figure 4.17. This northwest-trending, flat-floored coulee was a primary source area for 
snow removal by wind (January 16, 1982). Remaining snow is stabilized by vegetation and 
the formation of a dense snow crust. Metre stick for scale. 


Figure 4.18. Footprints entrenched 6.0 to 7.0 cm into a 10.0 cm snowcover on January 
14, 1982 were transformed into 3.0 to 4.0 cmraised prints by the action of northwest 
winds (photo taken on January 16, 1982). 
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Figure 4.19. Basal region of this south~facing slope forming the northeast rim of sb-X 
retains approximately 40 cm of snow on January 15, 1982. North winds of the previous 
day permitted snow drifting from the short grass region above this slope, thereby adding 
accumulation to the protected lee slope face. Metre stick for scale. 


Figure 4.20. Northeast view of the lower basin of sb-X on January 17, 1982. Note that 
the 1m high mini-mesa supporting the Murton gauge retains much snow on its 
south-facing slope face. Slope breaks and vegetation hollows also retain large 
accumulations. Snow survey stake #2, bent by persistent northwest winds, is visible in the 
left foreground of the photo, and !s located atop a flat, wind-swept ironstone surface. 
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which measured the highest snow quantities. In sub-basin X, the largest accumulation was 
registered at point 1 (21.6 cm), situated on a sandstone pediment, 30 cm from a cluster of 
snow-trapping sage bushes. Point 6 in sb-Z, located on a south-facing, grass-lined upper 
wall of an east-west trending collapsed pipe channel retained the highest snow depth 
(11.6 cm) of this basin. In sb-Y, point 4, situated on an alluvial fan one metre in front of 
the base of an east-facing sandstone slope measured 19.0 cm of snow. Not only did this 
point yield the largest snow depth of sb-Y on this first survey date, it also retained the 
highest value of the six basin points for the remaining two surveys. The snow depth 
measurements of sb-Z and sb-Y adequately substantiate the higher south- and east-facing 
slope base snow accumuiations recognized after this mid-January snow-drifting episode. 

As stated earlier during the discussion on snow accumulation, the majority of snow 
survey points were not in areas subject to high snow accumulation resulting from wind 
redistribution. That is, there were few points located at slope bases, within gullies, or 
very close to other topographic obstacles, which ts in compliance with survey design 
recommendations outlined in the snow surveying guide (Environment Canada, 1972). The 
10.0 cm of snow recorded atop the survey board on January 12, added to the 2.0 cm 
which fell on January 14, and to an additional 2.3 cm which fell in the badlands during the 
late evening of January 16 ,yielded a total snow depth of 14.38 cm. There was negligible 
melt between January 12 and the snow survey of January 17, therefore snow drifting 
must account for the lower average accumulation value of 6.7 cm determined by the 
January 17 survey. This means that approximately 7.6 cm of the surface snowcover was 
redistributed to areas other than the survey point locations, and, as stated previously, that 
the total watershed contained more water equivalent than that estimated through the 


survey. 


4.2.3 Period 3: January 18 to February 20, 1982 

From the beginning of period 2 (January 1) to the near end of period 3, the field 
area experienced a gradual build-up of snow reserves, with a maximum seasonal 
accumulation realized by February 12, 1982. The large number of small-magnitude 
snowfalls recognized during period 2 continued throughout the first 3.5 weeks of period 


3, during which time the maximum daily temperature rose above 0°C only twice (on 
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January 26 and 27). One minor and one major snowmelt event occurred during the 
period, as well as two major snow-drifting episodes. These were of further importance 
to the determination of the characteristic seasonal snow distribution patterns in the 
badlands. 

Snow accumulation in the field area continued under very cold temperatures and 
relatively light to moderate wind conditions from January 18 to January 25. On the 
morning of January 26, however, strong southwest winds, blowing with an average speed 
of 43 km hr! for 4.5 hours produced profound effects on snow distribution in the 
badlands. Although the author was not in field residence at this time, snow distribution 
patterns induced by these winds remained clearly evident by the following observation 
period which commenced on February 4. On this day, many of the flat-lying areas outside 
and within the main watershed displayed transverse snow rippie marks, indicating creation 
by moderate- to high-speed southwest and west winds. In addition, heavy snow 
accumulations were found on northeast- and east-facing slope lees and other depressions 
maintaining a northeast- or east-facing headwall (Figure 4.2 1). 

Although the southwest winds of January 26 redistributed a large quantity of snow 
and created southwest-northeast oriented drift patterns, many of the drift formations 
created by the previous west and north winds of January 13 to 15 remained stationary. 
This is due in part to snowpack stability afforded by the regular formation of a thin 
surface glaze by means of radiation melt and regelation (even during cold temperatures). 
However, it is more significantly attributed to the inability of the southwest winds to 
appreciably deplete snow from those areas previously under the depositional influence of 
west and north winds. That is, the large snow deposits created earlier upon south-facing 
slope lees remained in place (Figure 4.22), with the southwest winds of January 26 acting 
as areinforcement by windwardly compacting these thick reserves against the slope wall. 
Although the westerly component of these southwest winds may have caused a slight 
transverse removal of snow from south slopes, this snow would, theoretically, become 
redeposited on east-facing slopes, thereby adding even more snow to that deposited 
earlier in mid-January. It is doubtful, however, that much snow was removed from south 
slopes, as the stabilizing regelation glaze observed throughout the watershed appeared 


most prominently on south-facing slopes. These slopes received more direct solar 
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Figure 4.21. Southwest winds of January 26, 1982 created a snow cornice in the 
headwall region of this northeast-facing surface hollow of sub-basin X. Southwest wind 
direction is indicated by the streamlined appearance of the grassed area in the right of the 
photo. Picture taken on Feb. 5, 1982; mitten for scale. 


Figure 4.22. South-facing headwall slope of sub—basin X retains a large snow 
accumulation despite changes in effective wind velocity. (Same slope as that pictured in 
Figure 4.19). See text for explanation. 
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radiation during the day, which permitted more melt and thus the formation of a denser 
surface crust upon refreeze than slopes of other orientations. 

The strong southwest winds of January 26 were accompanied by warm 
temperatures reaching a maximum of 5.5°C on this day and 3.5°C on January 27. This 
chinook activity induced partial melt of the surface snowcover, resulting ina 5 cm 
reduction in the depth of snow lying on the ground as recorded by the AHRC (14.0 cm on 
January 25; 9.0 cm on January 27). Field observations and snow survey results of 
February 5 suggested however, that this partial melt event served to increase the average 
snow density of the snowcover rather than initiate a runoff episode. It most importantly 
served to impart further stability and resistance to wind movement, to 
preferentially-distributed snowpacks. 

The second and last major snow redistribution episode of this period occurred on 
February 6 and 7. AHRC anemographs show that northwest winds attained a mean 
maximum speed of 42 km hr-! between 1:00 a.m. and 2:00 a.m., and between noon and 
3:00 p.m. on February 6. Radio briefs during this day reported gusting to 70 km hr-?. 
These winds acted predominantly on the loose snow provided during the light snowfalls of 
February 1, 2, the evening of February 5 (c. 1.0 cm), and the evening of February 6 
(c. 1.3 cm, although not recorded by the AHRC). Once again, these high-velocity 
northwest winds swept flat-lying areas virtually clean of snow, redistributing it into 
surface depressions, onto southeast, east, and south slope lees, and behind smalier 
obstacles. This snow-drifting event further added accumulations to many pre-existing 
deposits (Figure 4.23). 

The last snowfall of period 3 occurred on February 11-12 (see Table 4.1), under 
slight northeast winds, and a few days prior to a major snow depletion and runoff 
episode. Therefore, the steady snow accumulation realized from January 1 (period 2) 
reached a maximum by February 12. On this day, several ruler depth measurements were 
arbitrarily taken from a variety of relief features, to provide estimates of the relative 
amounts of snow (thus water) contained within given areas of the watershed. Although 
accumulation depths were highly variable throughout the catchment, the following three 
depth categories and accompanying snow accumulation locations were generally found on 


February 12, 1982: 
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Figure 4.23. Cross-section through a northwest-southeast-—trending lee snow drift on 
February 13, 1983. Shown is a crust layer (dark band) formed during the chinook of late 
January, lying below the top 2 cm of snow redistributed on February 6 and 7. The drift 
was originally created during the north wind redistribution episode of January 14-15, 
1982, and shows evidence of lower crust layers which aided in its stabilization throughout 
repeated windstorms. 
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1. Oto 19cm of snow: 
a. flat-lying pediments and fans; 


b. flat-lying ironstone mantied surfaces; ; 
io grassed areas elevated more than c. 10 m above the floor of the main 
watershed: 


d. slope faces (except on mid-slope treads). 
2. 20to 49cm of snow: 


a. Sope bases, especially those facing south and east (includes mid-slope riser 
ases); 


b. Surface depressions, including shallow source hollows at gully head regions, 
and larger-scale, partly wind-sheltered basin head regions. 
3.  50to 65cm of snow: 
a. linear surface depressions, including collapsed, vegetation-lined pipe channels, 


anc larger incised gullies and ravine floors; 
b. some south-facing slope bases. 


The average sriow depth of 7.1 cm measured during the snow survey of February 
5, added to the approximate 3.0-cm snowfall of February 11-12 (total 10.1 cm), reflects 
the predominance with which snow survey points were located in areas included in snow 
depth category (1) above. As mentioned, the flatter-lying, open fan, pediment, and 
ironstone surfaces, exhibiting low surface roughness characteristics, were often deflated 
of snow except where crust formation was permitted or where small obstacles anchored 
deposits. Grassed areas and slope faces usually retained more snow than these areas, but 
again, they were also subjected to depletion by wind, and, in the case of slope faces, also 
by gravity. It follows that the water equivalent (which, as stated in Chapter 2 can be 
correlated closely with snow depth) in areas cited in category (1), which constitute a high 
percentage of the total watershed area, is low compared to that in snow deposition 
categories (2) and (3). 

Terrain features of categories (2) and (3) often possessed from 2 to 6 times more 
snow than those of category (1). This observation is in agreement with the results of 
Siberian prairie snow studies (cited by Kuz'min, 1960) in which it was found that ravines 
and gullies (category 3) may retain 4.5 times more snow than surrounding open areas 
(category 1). Vegetation-filled linear depressions lost very little of their redistributed 
deposits, regardless of whether subsequent winds blew transverse or parallel to the axial 
orientation of these features. This is due to the combined influence of topography and 
vegetation. That is, although topography contributed to the intitial receipt of redistributed 


snow by reducing wind shear velocity, sage bushes, cacti, and grasses inside gullies 
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ensured that this redeposited snow remained intact. Thus, gullies, plus narrow, 
unvegetated, but deeply incised collapsed pipe channels (e.g., the upper 35 m of the main 
channel of sb-Y) received and retained very large snow deposits. 

In general, most slope bases contained a bit less snow than gullies. This is due to 
the fact that whereas incised and vegetation-lined gullies received and retained re-blown 
snow under strong winds of all directions, the ability to accumulate and maintain snow 
reserves at slope bases depended largely on the directional strength of 
snow-redistributing winds. And, since it was shown that winds from more than one 
direction were able to initiate snow drifting, no one slope of a given orientation received 
redistributed snow cont/nuous/y throughout the season, as in the case of most gullies. 
However, consideration of the relative quantities of redistributed snow among slope 
bases of differing orientations shows that as of February 12, south-facing slope bases 
were generally in possession of larger deposits. East-facing slope bases also contained 
significant accumulations. Although north- and west-facing slope bases displayed 
deposits which also dictated their placement into depth category (2), snow in these areas 
was generally less than that realized at the basal regions of south- and east-facing slopes. 
The hydrologic and geomorphic implications of these observations, which became evident 
during the major melt period of the last week of period 3, will be examined later in this 


chapter. 


4.2.4 Period 4: February 21 to April 8, 1982 

During this period, post-fall snow drift formation was effectively patterned by 
northwest winds. Although very strong southwest winds were influencial in blowing snow 
on two observed occasions (February 20 and March 1 1), directional changes to northwest 
intervened both times, abruptly altering the orientation of drift patterns. However, with 
regard to slope face and slope base accumulation, directional shifts in strong winds 
permitted higher accumulations on lee, east-facing slopes, owing to the mutual westerly 
component of southwest and northwest winds. This is illustrated in Figure 4.24, in which 
a north-south trending sandstone slope is shown to retain more snow on its east-facing 
side after sequentially-strong southwest and northwest winds of February 20-21 


subsided. As seen in the photograph (Figure 4.24), the quantity of snow affected by these 
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Figure 4.24. Sandstone slope in sub-basin X on February 21, 1983. Snow is 
redistributed onto the east-facing slope after the cessation of sequentially—occurring, 
high-velocity southwest and northwest winds. Metre stick for scale. 


Figure 4.25. Oriented snow drifts formed behind clumps of sage and long grass by 
extremely strong northwest winds of March 11-12, 1982. Metre stick for scale. 
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winds was minimal. This is attributed to the lack of fresh snow available (only c. 1.0 cm in 
depth) at this time. 

During the 15 days following this small snow-drifting episode, the field area 
received steady snowfalls (Table 4.1, February 22 - March 8). Temperatures during these 
two weeks remained below 0°C, with an average maximum daily temperature of -8°C. A 
total of 21.8 cm of snow fell in this interim-visit period according to AHRC records. 
Application of average snow density values (at the AHRC) to Murton gauge water 
equivalent figures reveals that the field area received approximately 13.3 cm of snow. 
Anemograph charts show light to moderate wind speeds during this time, with no 
exceptionally strong or long-duration winds occurring on days receiving snow. On March 
7 (anon-snow day) however, 10 hours of north and northeasterly winds with an average 
speed of 28 km hr“ invaded the region, possibly causing some snow-drifting activity. In 
addition, prevailing wind directions during snowfalls were highly variable, but generally 
northerly (especially northeast) in origin. The overall lack of high-velocity winds during this 
time is reflected in the sub-basin X and Y snow gauge measurements (Table 4.3, March 
12), which differ by only 1.8 mm (10.2 and 8.2 mm respectively). 

The second major melt episode of period 3 lasted from March 9 to March 14, 
during which time the maximum daily temperature averaged 6.8°C. Very strong southwest 
winds were observed on March 11 (8:00 a.m. to 7:00 p.m.), averaging 32 km hr, with a 
peak speed of 43 kmhr-?. Although this wind caused noticeable snow drifting, the degree 
of snowmelt and snowpack priming which had occurred during the two days prior to the 
onset of this wind episode ensured that only a very small amount of snow was available 
for redistribution. 

As mentioned earlier, southwest-northeast oriented drift patterns were 
immediately altered by a wind change originating from the northwest. This switch 
occurred at 7:00 p.m. on March 11, and continued until 10:00 a.m. the following morning. 
These winds possessed the highest speeds recorded over the entire winter season, 
averaging 43 km hr! for the 15-hour duration, with a peak speed of 61 km hr-}. 

Approximately 1.0 cm of sleet and snow fell simultaneously at the onset of the 
northwest winds of March 11, but precise depth measurements were difficult to obtain 


due to blizzard conditions. One result of this episode is easily seen in Figure 4.25, which 
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shows the high efficiency with which the winds caused leeward snow accumulation. 
Snow was also blown onto south- and east-facing slope lees. Although there was again, 
little snow present on the ground at this time, wind data and snow distribution 
photographs adequately demonstrate the effectiveness with which southwest and 
northwest winds continued to influence snow distribution. 

As pointed out earlier in the discussion of snow survey results, the approximate 
7.0 cm of snow which fell in the field on the morning of March 15 was not subjected to 
severe wind redistribution while falling. Some degree of drifting may have occurred in 
days subsequent to this snowfall, but no further field observations were made. By this 
time, sufficient data on snow drifting, snowmelt, and geomorphic characteristics was 
obtained, and additional observations were not necessary. However, it should be added 
that during the last three weeks of period 4 (March 16 to April 8), the field area 
experienced alternating snowfall and melt episodes, and that maximum daily temperatures 


exceeded O°C consistently as of April 8, 1982. 


4.2.5 Summary of 1981-1982 and Long-term Wind and Snow Distribution Patterns 

This section summarizes wind characteristics and snow-drifting episodes 
occurring over the four intra~season periods discussed, and presents a generalized 
concept outlining wind and snow movement in the badlands. As field observations of wind 
direction and speed were found to closely parallel data recorded by the AHFC station, 
quantitative wind values taken from the AHRC are used directly in the evaluation of 
relationships between wind and observed patterns of snow distribution. 

Quantitative compilations of 1981-1982 winter wind data are given by means of 
wind rose diagrams of Figure 4.26, with corresponding numerical data appearing in 
Appendix E. These diagrams are extremely important, as they substantiate both 
short-term observations as well as the long-term theory of snow distribution. The 
frequency percentage rose illustrated in Figure 4.26a gives prevailing wind directions 
during 404 six-hour intervals over the winter period. As shown, there was no 
characteristic dominance of a particular wind orientation. This identical observation was 
made earlier in Chapter 1, while analyzing the ten-year average annual frequency 


percentage wind rose for the AHRC (Figure 1.3a). In fact, both roses are strikingly similar 
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(a) (b) 


; =|| 
Frequency Percentage Mean Maximum Hourly Speed (km-hr~ ) 
(Dominant wind direction for 404 six-hour intervals: December | to March 31) (Mean highest velocity during 97 24-hour intervals: December | to March 31) 
N N 


(c) 


Frequency Percentage 


(Prevailing wind direction during snowfalls: November 17 to March 31) 


N 


Note: For precise numerical values, see Appendix D. 


Figure 4.26. Wind rose diagrams for Brooks AHRC: 1981-1982 winter season. 
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despite the four-month versus ten-year data representations. This implies that the 
1981-1982 short-term wind frequency observations (Figure 4.26a) closely reflect those 
of the long-term (Figure 1.3a), and thus supports the view that the 1981-1982 snow 
season was ‘typical’ in terms of wind behaviour. 

As it has been established that the direction of the strongest winds is the most 
important consideration to snow movement and seasonally-repetitive redistribution, the 
velocity rose of Figure 4.26b is instrumental to the determination of such activity. This 
diagram illustrates the mean velocities of the highest wind velocity recorded during 97 
24-hour intervals.!? It reveals that the strongest daily wind speeds during the winter 
originated from the southwest, followed in second place by northwest winds, and in third 
by north winds. Again, this same pattern was found for the ten-year mean annual AHRC 
wind speeds depicted in the rose diagram of Figure 1.3b (Chapter 1),!3 and also attests to 
the adherence of short-term wind observations to long-term wind recordings. Most 
importantly, it enforces the concept of the bimodal nature of effective 
snow-redistributing southwest and northwest winds as observed throughout the four 
intra-season periods, and as earlier hypothesized from long-term wind data. It is 
therefore stated with a good degree of assurance that the observed pattern of alternating 
northerly and southerly high-velocity winter winds is a seasonally-repetitive characteristic 
in the Alberta badlands. 

As is drawn from the discussion of intra-season snow distribution given earlier, 
these alternating winds were very efficient in redistributing snow within the field region. 
Throughout the winter, flat areas within the watershed (and sub-basins) served as supply 
areas for snow removal activity. Virtually all depressional features received wind-blown 
snow, regardless of wind direction. Reception areas subject to preferential distribution 
due to the directional strength of northwest and southwest winds were leeward-facing 
north, clockwise to south slopes. Surface depressions and lee slopes may therefore both 


be considered areas of seasonally-repetitive snow accumulation; the former because of 


For example, if the highest wind speeds recorded on January 1, 2, and 3 were 
respectively 10, 20, and 30 km hr“, all originating from the north, the graphed rose value 
for this direction would be the average of these speeds (20 km hr~!), assuming the highest 
daily wind speed during the four-month sampling period originated from the north on 
these three days only. | 

Wind speeds of Figures 1.3b are of generally lesser magnitude than those of Figure 
4.26b due to the comparison of mean /f/ghest wind speeds to mean average wind speeds. 
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the presence of strong winter winds, and the latter due to the directional components 
associated with these winds. 

The concept of preferential lee slope accumulation is illustrated in Figure 4.27, 
which depicts a hypothetical, octagonally-shaped isolated hill in which each slope face is 
directed towards one of the eight major compass orientations. Although all slope 
orientations received redistributed snow during the field season, it was found that slopes 
oriented to the lee of the strongest winds generally received more snow than windward 
slopes. And, as mentioned previously, and also shown in Figure 4.27, the combined 
influence of strong southwest and northwest winds resulted in large accumulations at the 
basal portions of east-facing slopes. 

These findings differ slightly from those of Beaty (1972), who solely stresses the 
importance of west and southwest chinook winds to snow redistribution. This ts not to 
say that Beaty (1972) is incorrect, but rather, that the pattern of snow distribution 
becomes bimodally modified to include the effects of north and northwest winds, as the 
area under investigation becomes more peripheral (towards the north or west) of the main 
chinook belt in southwestern Alberta. 

This idea is supported by the long-term patterns of effective winds in Alberta, as 
determined by Odynsky (1958), through his examination of U-shaped sand dune 
orientations. Odynsky recognized the variation in effective winds (northwest and 
southwest) in southern Alberta, claiming this variation is greatest in the southeast. 
According to dune and wind orientation maps prepared, effective winds in the vicinity of 
Dinosaur Park are from the northwest, with dune orientations averaging 20° south of east. 
Dune fields located 120 km west of Dinosaur Park also indicate wind orientations from 
the northwest (32° south of east). South of the Park, effective wind directions are from 
the southwest, while all mapped dune fields to the north, between the Park and Edmonton, 
show northwest wind orientations. Odynsky (1958, p. 62) also invokes the theory of 
uniformitarianism in his contention that "...the probable effective sand-blowing wind 
directions are in harmony with the present strong wind directions prevalent in Alberta.” 

There is one last consideration to be made concerning the cause of the observed 
preferential variation in snow depth in the field region. This deals with whether these 


variations are primarily attributed to the focussing of snowflake trajectories during 
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Direction of High-Velocity Chinook Winds 
Direction of High-Velocity Arctic Winds 


Lee Slope Snow Redistribution by Arctic Winds 


Lee Slope Snow Redistribution by Chinook Winds 


Lee Slope Snow Redistribution by Chinook and Arctic Winds 


Figure 4.27. Characteristic seasonal pattern of lee slope snow redistribution 
under high-velocity Arctic frontal and chinook winds of south-central Alberta 
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snowfall, or to non-uniform ground drift by winds after primary deposition has occurred. 
Although this research has already inferred that significant differences in snow depth 
were often achieved subsequent to snowfall events, the topic deserves further comment 
for the following reason. Snow drifting activity occurring simultaneously with snow 
production may further enhance or obscure the bimodal nature of lee slope accumulation. 
Its degree of influence should therefore be estimated. 

From a qualitative and observational standpoint, and in agreement with assertions 
made by Kind (1981), it appeared that most snow movement in the badlands took place in 
the form of non-uniform drifting, under high-velocity winds unaccompanied by primary 
snow deposition. Evidence to support this claim is presented in wind rose diagram (c) of 
Figure 4.26, which shows the frequency of the prevailing wind direction during 
1981-1982 snowfalls. From this diagram and Appendix E numerical values, it is 
ascertained that 49.2% of snowstorms from November 17, 1981 te Marchisi; 1982 
occurred under winds originating from northeast, east, southeast, or south, directions 
from which winter winds are known to be light. Furthermore, 6.8% of snowstorms 
occurred under no discernible wind direction (calm conditions). In total therefore, 56% of 
snowstorms were unaccompanied by wind directions which are characteristically strong. 
This general pattern of light winds accompanying snowfall events is also reported by Storr 
(1973) who found that over 80% of snowfalls occurring in the Marmot Creek watershed 
(80 km west of Calgary) fell during winds averaging less than 16.2 km hr-?. 

No snowstorms progressed concurrently with southwest winds. However, 40.6% 
of snowstorms occurred under northwest or north winds. Since these directions 
possess the second and third highest wind speeds, it may be logically concluded that the 
focussing of snowflake trajectories, if active, should have its highest incidence of 
occurrence under winds of these directions. This, then, implies that snow which is 
preferentially distributed during snowstorms would produce higher accumulations on 
those lee slope bases facing south and southeast, thus enforcing the post-fall 
redistribution activity recognized under strong north and northwest winds, and supporting 
the bimodal distribution theory. 

in addition to the frequency percentage wind rose diagram presented in Figure 


4.26c, Tables 4.5 and 4.6 also provide information useful to defining wind patterns during 
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TABLE 4.5. WIND DIRECTION AND SNOW ACCUMULATION DURING 
59 SNOWFALL PERIODS FROM NOVEMBER 17, 1981 TO 
MARCH 31, 1982. 


Wind Number of Total Depth of Depth of Average 
Direction Snow Periods Snow (cm) Snowfall (cm) 
N 10 136 hee 
NE 18 53.4 bio) 
E 2 28 te 
Se 8 17.9 Dee 
S ] Oe5 Zi 
SW 0 0120 0.0 
W 2 DB NS leas 
NW 14 26. | 1.9 
no direction 4 6.5 LG 
(calm) 
Total 59 VW22040 - 


Data Source: AHRC Records 
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1981-1982 snowfalls. Table 4.5 shows that 53.4 cm, or 43% of the total snow falling 
between November 17, 1981 and March 31, 1982 fell under winds prevailing from the 
northeast. The average depth of snow falling under these winds (3.0 cm) is also larger 
than that of any other direction, indicating that more snow was generated during these 
winds. This observation becomes more apparent in Table 4.6, which shows that five of 
the seven largest snowfall episodes of 1981-1982 occurred under the influence of 
northeast winds. 

The larger accumulations received under northeast winds is most likely Gue to the 
position of the front between high and low pressure systems, with respect to the field 
area. That is, during at least two of these snowfall periods (March 15 and 16), a high 
pressure cell, invading from the northwest, and a low pressure cell migrating slowly 
eastwards, to the south of the field region, created a frontal position slightly north of the 
field area.!4 The location and duration of the front was favourable to heavy snow 
production, accompanied by surface northeast winds created by both clockwise high 
pressure air flow, and counterclockwise flow around the low pressure cell (see weather 
map, Appendix F). 

Although the largest snowfalls occurred under northeast winds, Table 4.6 shows 
that these storms were not associated with particularly high average wind speeds. Also, 
the mean maximum wind speed recorded during the five northeast storms (Table 4.6) 
amounted to 23.1 km hr-!, which is approximately half the maximum speed usually attained 
by snow-redistributing winds from the southwest and northwest. Although the 
concurrence of northeast winds and snowfall events may suggest a high frequency of 
snowflake focussing and preferential primary accumulation, information given on 
northeast wind speeds, plus numerous field observations during snowfalls point to the 
occurrence of significantly more snow movement and preferential accumulation activity 
subsequent to snowfall events, by non-uniform ground drift under northwest and 


southwest winds. 


l4Meteorological information on frontal, high, and low pressure cell locations supplied 
through radio reports issued from Brooks and Calgary on March 16, 1982. 
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4.3 Snowmelt Initiation and Patterns of Snow Disappearance 

This section describes the influence of solar radiation and chinooks on patterns of 
snowmelt during the winter, within the same four time intervals used in the previous 
discussion on snow distribution. Before this is done however, it is necessary to present 
the results on the duration of chinook influence, and to explain the intensity, or, degree of 
effectiveness of the chinook in the field area. Also, because sustained meltwater 
penetration and runoff occurred twice during the later stages of the field season (periods 
3 and 4), and because results of these two separate events complement one another, they 
are jointly examined in the following section (4.4), after the discussion of intra-season 


patterns of snow depletion. 


4.3.1 Enumeration of Chinook Days 

Chinooks were an extremely effective means of initiating mid-winter snowmelt and 
runoff. As noted in Chapter 1, chinook days were defined according to criteria given by 
Longley (1967) and Golding (1978), and are shown in the calendar of Table 4.1. The field 
area received 35 days of winter chinook activity according to Longley (1967), who 
requires a maximum temperature of at least 4.4°C for a chinook to be present. 
Application of the Golding (1978) criteria delineates 29 chinook days, most of which 
coincide with those determined by Longley’s criteria. 

Because of a lack of detailed meteorological records, the Golding (1978) chinook 
requirements (Chapter 1) were slightly modified. The directional criterion states that wind 
must originate from the quadrant encompassing directions from SSW to WNW. Since the 
AHRC only distinguishes wind orientation from eight compass directions, winds originating 
from south, clockwise to northwest were used. 

Despite the large number of chinook days delineated (Longley and Golding average 
is 32), it was found that the effect/ve chinook days, or those days on which significant 
snowmelt or runoff occurred, were fewer than those indicated in Table 4.1. For 
example, five chinook periods, comprising approximately 23 days, caused mid-winter 
runoff. The remaining 6 to 12 chinook days had either negligible affects on initiating 
snowmelt, or, allowed only a small degree of melt such that meltwater produced either 


evaporated or refroze atop or within the snowpack. 
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4.3.2 Period 1: November 17 to December 13, 1981 

Of the five chinook snowmelt periods, the first three occurred early in the winter 
season, during period 1 (Nov. 20 to 22; Nov. 29 to Dec. 6; Dec 19 to 21, see Table 4.1), 
when snow reserves were quite small. Of the total season field area accumulation of 
124.0 cm of snow, these chinooks, in combination, only affected approximately 14 cm 
of snow. However, each chinook initiated runoff, and, most importantly, provided water 
for subsequent refreeze and early formation of ice within every major drainage channel, 
most minor channels, and some low-lying pediments of the watershed. 

The first two chinooks almost completely melted the 10.1 cm (Murton gauge water 
equivalent conversion; of snow which fell on November 17-18, 1981. Sub-zero 
temperatures ensued immediately after both chinooks, resulting in a rapid refreeze of 
meltwater which had not left the watershed. The same sequence of events occurred 
during and after the third chinook, which depleted most of the 4.0 cm of snow which fell 
on December 13-14, but did not significantly melt the ice formed during early chinooks. 

The third chinook yielded runoff which flowed over pre-existing channel ice, and 
added to it upon refreezing. Many shallow drainage channels were so completely ice-filled 
that the expanded ice protruded above the channel confines. The watershed’'s primary 
drainage channel contained a vertical succession of solid ice and ice crystal layers which in 
one borehole, revealed a total solid ice/ice crystal depth of 22 cm (Figures 4.28 and 
4.29). Channel ice formed after the first three chinook intervals persisted throughout the 
remainder of the field season; its hydrologic significance will be explained in part 4.4 of 
this chapter. 

Some early-season indications of the preferential melt effects of direct solar 
radiation were observed during period 1. Described and depicted in Figures 4.30 through 
4.32, shortwave radiation was responsible for differential snowmelt on south-facing 
slopes of the watershed, under air temperatures below O°C. Differential melt was most 
noticeable on December 12, due to the shallow depth of snow (0.5 cm) present at the 
time, which had fallen on the previous evening (none recorded by the AHRC). Although the 
effects of this preferential melt, in terms of moisture infiltration were minimum, these 
sharply-contrasting patterns show that radiation was an active winter snowmelt 


mechanism. 
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Figure 4.28. Ice layer in the main channel near the basin outlet. Ice was formed after a 


succession of runoff—inducing chinooks and refreeze events in November and December, 
1981. Hammer for scale. 


Figure 4.29. Close-up view of a hole excavated into primary channel ice. Hammer rests 
atop a 4 cm dirty ice layer. Ice crystals, placed on the 5 cm top layer of solid ice were 
formed upon the floor of the 13 cm cavity existing between the two layers. Total depth 
from top ice layer to the channel floor is PALER el ag 
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Figure 4.30. North view of sb-X under cloudy conditions at 10:00 am., December 12, 
1981. The sub~basin is uniformly covered by 0.5 cm of snow. Temperature is —8.5°C. 
Murton gauge for scale. 


Figure 4.31. North view of sb-X under sunny conditions at 2:30 p.m., December 12, 
1981. South- and west-facing slopes are devoid of snow due to solar radiation melt. 
Temperature is -9.0°C. Snow remains only on flat—lying treads of stepped slopes (which 
are receiving three to four times less radiation than south-facing slope risers), on 
east-facing slopes, and upon the flattest regions of the lower basin. Compare to previous 
photo. 
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Figure 4.32. Preferential solar radiation melt on a south-facing sandstone slope in sb-Y 
on December 12, 1981. Temperature is —9°C. 
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4.3.3 Period 2: January 1 to January 17, 1982 

Snowmelt during this period was limited because of extremely low temperatures, 
and lack of significant chinook activity. As noted earlier, this period was mainly one of 
snow accumulation. Table 4.1 shows that two chinook days occurred, however, no 
runoff ensued. The steadily accumulating snowcover experienced only a small degree of 
intra~pack percolation, and surface melt and sintering. 

Some radiation melt was observed during the period, mainly on south slopes. 
Melting generally proceeded at snowpack peripheries, and was most efficient on slope 
faces. Onrilled slopes, melting typically commenced at rill/interfluve junctions (Figure 
4.33), where snow depth was minimal, thereby permitting radiation penetration into the 
snowpack to the underlying slope surface. On unrilled slopes, melting ensued outwardly 
from snow-barren patches (Figure 4.34). As with the minor chinooks of this period, 
radiation melt caused intra-snowpack percolation of meltwater (visible in Figure 4.33). 
Micro-scale overland fiow occurred to a small extent within troughs created by partial seal 
of claystone aggregates. Subsurface meltwater penetration was restricted to a few 
millimetres on sandstone and claystone slopes, where a limited amount of snow was 


melted by radiation on a given day. 


4.3.4 Period 3: January 18 to February 20, 1982 

As discussed in connection to snow accumulation and redistribution, this period 
experienced a continued build-up of snow reserves, disturbed slightly by the minor 
chinook of January 25-26. Thus, maximum snow accumulation was realized by February 
12, the last snowfall day before the onset of a major, six-day chinook on February 16 
(see Table 4.1). During this chinook, maximum daily temperatures averaged 6.5°C, with an 
absolute maximum of 8.5°C on February 20. Southwest winds prevailed throughout the 
first five of the six chinook days, reaching maximum speeds of 43 km hr on February 
18, and 42 km hr- on February 20. 

The combined affects of direct solar radiation and sensible heat transfer from 
warm chinook winds produced widespread snowmelt from surfaces of all orientations 
and drastically reduced the watershed’s storage of snow. Because of continuous 


radiation melt on south slopes throughout the winter, these slope faces retained less snow 
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Figure 4.33. Radiation melt on a rilled, south-facing 47° compact claystone slope in sb-X 
(January 17, 1982). Snow melts quickly from interfluves, which typically retain little snow. 
Mitten for scale. 


Figure 4.34. Mid-winter peripheral radiation melt of a snowpack on a south-facing, 
aggregate—mantied claystone slope in sb—Z (January 14, 1982). Note partial sealing of 
clay aggregates by micro-sloughing of particles. 
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than others by the time the chinook arrived. Therefore, south faces became completely 
snow-barren more rapidly once the combined melting ability of radiation and atmospheric 
heat transfer took effect. These observations are in agreement with those made by 
numerous authors (see chapter 2), that temperature-induced snowmelt is actually caused 
by the integrated influences of temperature and radiation. However, due to comparatively 
large snow accumulations at the basal regions of south slopes, many snowpacks in these 
areas remained throughout the duration of the chinook, though most were greatly primed 
with meltwater (Figure 4.35). 

Of the four major compass directions, snow generally remained on north- and 
east-facing slopes longest. North slopes were subjected to the least amount of direct 
solar radiation, thus meiting occurred more slowly, primarily by heat transfer. Although 
east-facing slopes received more radiation than those oriented north, the large snow 
accumulations on these slopes, caused by preferential snow redistribution, ensured that 
these snowpacks remained for long durations. West-facing slopes lost their snowcover 
shortly after south slopes. Although west slopes received virtually the same amount of 
direct radiation as east slopes, smaller snow reserves permitted more rapid depletion. 
These observations are illustrated in Figures 4.36 and 4.37. 

Snow lying in surface hollows, ravines, gullies, and narrow, collapsed pipe 
channels was generally retained throughout the chinook period, although much was lost 
through heat transfer from meltwater flowing beneath snowpacks. On the micro-scale, 
snow-filled rill channels, especially those on north slopes, experienced diurnal melt, 
causing snowpack saturation, and ice formation upon night-time refreeze (Figure 4.38). 
Of the six chinook days, all of which experienced daytime temperatures of 5°C or higher, 
four had night-time temperatures below O°C. Rill ice depicted in Figure 4.38 formed 
during the evening of February 17, under a minimum temperature of - 11°C. 

Although much of the moisture contributing to the formation of rill ice was derived 
from pre-existing snow inside rills, daily melting of upslope snowpacks also provided 
water for nocturnal refreezing (Figure 4.39). Rill ice was observed on all slope aspects, 
though its lowest incidence was on south slopes. North-facing slopes retained ice day and 
night throughout the duration of the chinook, with limited melt occurring by slow dripping. 


Similarly, most east-facing slopes also retained ice through the chinook period. 
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Figure 4.35. Snow depletion on south-facing claystone slopes of the lower basin of 
sb-Z (February 20, 1982). Snow remains at the basal slope regions and in depression 
hollows of upper slopes. 


Figure 4.36. West view of sub-basin X showing snow depletion patterns on February 19, 
1982. Snow remains on east— and northeast—facing head slopes, in depression hollows 

of the basin, and on flat surfaces in the lower basin. South-facing slopes visible in the right 
of the photo are snow—barren except in basal slope areas. 
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Figure 4.37. West view of snow depletion patterns in a vegetation-lined gulley of 
sub-basin Z (February 20, 1982). The northeast-facing gully flank is snow-covered. The 
opposite, southwest- facing flank is barren due to increased radiation melt on slopes with 
a southerly aspect. 
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Figure 4.38. Rill ice on a north-facing, integrated sandstone slope (February 18, 1982). 


Figure 4.39. Rill ice on an east-facing claystone slope (February 19, 1982). 
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By the time cold temperatures set in on the evening of February 21, approximately 
70% of the watershed snowcover had disappeared through melt, runoff, and evaporation. 
Most south- and west-facing slope faces were depleted of snow, with some sparse 
snowpacks lingering at basal slope regions. Partially-depleted snowpacks remained on 
most north slopes, and some east slopes. In both cases, basal, or mid-slope break 
accumulations remained, with very little lingering on slope faces (Figure 4.40). 

From these observations, it is evident that differential melt, with respect to both 
location and rate, is common in the badlands. Accelerated melt rates were recognized in 
all areas during the chinook, due to relatively high temperatures. Non-uniform melt, 
however, was afforded by differences in the amount of and location of snow, as 
determined by snow redistripution, and as influenced by differential solar radiation 
receipt. 

In agreement with statements made by Gray (1970), it was found that snow 
quantity was indeed a factor determining which slope orientations became depleted of 
snow before others. However, large accumulations redistributed onto south slopes were 
evidently not sufficient to outlast the meit effects of direct radiation. In these terms, east 
slopes faired better, for their large deposits survived, aided by reduced radiation receipt. 
As mentioned, west slopes became almost totally depleted because of smaller 
accumulations. North slopes, though in possession of less snow than either south or east 
slopes, were least subjected to direct radiation and thus retained their snow. 

These facts indicate that radiation receipt is the most important parameter 
governing the nature and raie of differential snowmelt in the badiands. Because of rapid 
depletion of the large snow reserves on south slopes verses north slopes, the location of 
redistributed snow must be considered of secondary importance to slope aspect. This 
view is supported by the fact that the 1981-1982 winter season received one of the 
largest accumulations on record, yet did not receive adequate snow (even when 


preferentially redistributed) to permit long occupation on south slopes. 
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Figure 4.40. North-facing, stepped claystone slope retains near—saturated snowpacks on 
the mid-slope tread and basal region (February 20, 1982). Note rill ice which endures 
temperatures of 8.5°C. 
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4.3.5 Period 4: February 21 to April 8, 1982 

The patterns of snowmelt recognized during this period were nearly identical to 
those observed during period 3. Again, amajor, high temperature chinook in mid-March 
(Table 4.1) caused rapid, almost complete melt of the preferentialiy-redistributed snow 
reserves built-up earlier in the period. Maximum temperatures from March 11 to March 
14 exceeded 7°C, peaking at 10°C on the first chinook day (March 11). Shown in Figures 
4.41, 4.42, and 4.43, snow reserves were virtually depleted by the fourth chinook day 
(March 14), except on north, northeast and east siopes. 

The effectiveness and rapidity with which differential solar radiation melted snow 
during the chinook was ascertained through comparison of snow densities obtained from 
basal snowpacks at varying slope orientations. Table 4.7 gives density values surveyed 
from randomly-selected slope bases on the second chinook day (March 12). The highest 
average density, which indicates the highest relative amount of meltwater contained within 
snowpacks, was found in southeriy-oriented basal snowpacks (0.403 g cm -- column 3, 
Table 4.7). Slopes facing west possessed the second highest density values. These 
results further reflect the faster meltwater production realized on south and west slope 
orientations. Accordingly, the lower average density value of east slopes (0.313 g cm’) 
as compared with west slopes (0.358 g cm”) is probably due to the less rapid melt of the 
generally greater amounts of redistributed snow found on east slopes. However, the 
close similarity of these two values does not provide positive proof of this assertion. 
North slopes, subjected to the least solar radiation melt, possessed less intra~-snowpack 
meltwater, thus the lowest average density value (0.257 g cm’). Northeast and east 
slope-base snowpacks contained less relative meltwater than the faster melting south 
slopes, yet more than shaded north slopes. 

These measurements, and photographic evidence presented for this chinook and 
the major one occurring at the end of period 3, show a melt rate sequence largely 
determined by differential radiation receipt. It will be shown, however, that the comb/ned 
affects of snow distribution and aspect-related snowmelt progression permitted 
preferential and higher-magnitude erosion on some slopes. 

Two additional chinook periods occurred towards the end of March 1982 (Table 


4.1). Although no field observations were made, it is likely that melt sequences paralleled 
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Figure 4.41. Southeast view of snow depletion patterns in sub—basin X on March 14, 
1982. South- and west-facing siopes are snow-depleted, while east- and 
northeast-facing slopes (in right side of photo) retain snow. 


Figure 4.42. West-southwest view of snow depletion patterns in sub—basin X on March 
14, 1982. Snow and ice remain predominantly in the basins main drainage channel, and 
within east- and northeast-oriented head-basin hollows. Murton gauge for scale: 
compare to Figure 4.36. 
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Figure 4.43. West-southwest view of snow depletion in the lower basin of sb-Z on 
March 14, 1882. South-facing slopes (in right of photo) are snow—barren, whereas east 
and northeast slope faces and basal regions retain snow. 
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TABLE 4.7. DENSITIES OF SNOWPACKS ESTABLISHED 
AT SLOPE BASES OF VARYING ASPECTS, 
MARCH 12, 1982. 


column # | 2 3 
ee ee OR A ee ee ee eee ee 
Slope x ~ 
Daienration Snow Depth (cm) Density (gr-cm ~) Average Density (gr-cm ~) 
ee ees Oe Le ne a oe ee ee 

N 11.0 0.229 
N Sob 0.29] 0.257 
N 40.0 OR255 
N 72\\ 3K6) OR25i 
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NE 15.0 0.360 
NE 14.0 0.262 0.324 
NE ino 0.349 
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E 17.5 0.287 0.313 
E 24.0 0.282 
E ae'5 0.329 
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S W255 0.395 0.403 
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the patterns described. The final spring melt, or, the last melt induced by chinook 
conditions, began on April 8, 1982. However, only 14.0 cm of snow (AHRC records) was 
present at this time. Therefore, due to mid-winter snow depletion by chinooks, the field 
area had no significant spring melt during 1982, which is likely a seasonally-repetitive 


characteristic in the badlands and surrounding region. 


4.4 Meltwater Penetration and Runoff During Two Major Chinook Intervals 

The two, long-duration mid-winter snowmelt episodes described in the previous 
section produced sustained runoff over a number of days. In both instances, total 
snowmelt was halted by the resumption of cold temperatures, accompanied by additional 
snow accumulation. During these chinook melt periods, observations of the nature and 
extent of subsurface meltwater penetration and runoff activity were made, to see if 
significant differences exist between hydrologic responses generated during typically 


short, summer rainstorms, and sustained snowmelt episodes. 


4.4.1 Subsurface Meltwater Penetration 

The powdered dye inserted into snowpacks in early February, 1982 proved 
ineffective as a means of tracing the vertical extent of subsurface meltwater penetration. 
Although overland flow routes remained visually distinct, the subsurface penetration of 
the dye was severely restricted and none could be visually detected below a surface depth 
of 1mm. The reason for the lack of infiltration of the dye is not known, but it may be due 
to cohesive binding to surface clay particles. Meltwater penetration was therefore 
determined by visual observations of subsurface material discolouration (darkening). 
Some of the pre-seeded dye points had dried by the time of excavation, during the 
chinook of late February, and moisture depth could therefore not be determined. Many 
excavations were thus made in areas other than the dyed points; in locations which 
remained under the influence of melting snowpacks. 

In general, water provided by sustained melting of snowpacks reached slightly, but 
not substantially deeper depths than that of prolonged rainstorms. This points to the 
importance of material composition and structure (compactness and permeability) in 


limiting percolation, over the quantity or duration of water available to these materials. 
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Although snowpacks afforded a generous supply of meltwater, over periods lasting as 
long as six days (e.g., from March 10 to March 15), extensive vertical penetration of 
water (other than pipeflow) was not realized on most lithologic units. Instead, surficial 
ponding of meltwater on flat areas, and overland flow on inclined surfaces proceeded, 
with infiltration retarded by rapid surface sealing of claystones and sandstones. 

Of all lithologies examined (except those covered with vegetation), maximum 
moisture penetration depths occurred on flat-lying claystone units subject to prolonged 
input by nearby melting snowpacks. On compact, desiccated claystone units, material 
saturation was limited to just below the subsurface extent of desiccation cracks, usually 
no more than a few centimetres. Hydration sealing of these cracks precluded further 
transmission of meltwater from the surface, but did not interfere with slow percolation of 
water from the saturated zone to the underlying compact crust (Figures 4.44, 4.45, and 
4.46). . However, penetration within the crustal zone was retarded by its indurated 
structure and low permeability. Maximum wetting depths from the bottom of the 
saturated zone into the crust generally did not exceed 9 cm, with a total wetting depth of 
13. cm. This figure is quite deep when compared to simulated rainfall experiments (Bryan 
et a/., 1978), which yielded maximum penetration depths into claystones of approximately 
4.0 cm. 

The downward migration of the wetting front within the crust proceeded fairly 
uniformly, a conclusion based on the observation of visually distinct, horizontal boundries 
separating the hydrated and dehydrated portions of the crust (visible in Figures 4.45 and 
4.46). Meltwater penetration in the upper reaches of the crust therefore occurs by slow 
percolation, and is not dependent on the presence of micro-joints. However, due to the 
downwardly-increasing compactness of the crust, further penetration below the 
"“maximum’ percolation depth (9 to 10 cm) is probably permitted only through mico-joints, 
as suggested by Hodges and Bryan (1982). 

Relatively deep meltwater penetration was also recognized on flat-lying, 
aggregate-mantled claystone units. However, due to the often extensive depths of the 
highly broken regolith, meltwater frequently could not reach the compact crust and instead 
became completely absorbed by aggregates (Figure 4.47). Nonetheless, maximum wetting 


depths observed on these surfaces reached approximately 7 cm, which is deeper than 
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Figure 4.44. Flat-lying, meltwater-saturated, desiccated claystone pediment on March 14, 
1982. Ponded water lies within peripheral troughs of sealed polygonal desiccation cracks, 
which prevents sustained water percolation to the subsurface. 


Figure 4.45. Subsurface view of Figure 444. Surface material is saturated to depths of 2 
to 3.cm, corresponding to lower extents of desiccation cracks. Meltwater infiltrated an 
additional 9.0 cm into the compact crust below (darkest zone). The lighter portion of the 
crust towards the bottom of the excavation pit is dry. Total wetting depth varies from 9 
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Figure 4.46. Meltwater penetration in a compact, flat-lying claystone unit in sb-Z. The 
upper 3.0 cm of material is saturated. Moisture penetrated an additional 7.0 cm into the 
compact crust, for a total wetting depth of 10.0 cm. 


Figure 4.47. Surface sealing of an aggregate—mantled claystone slope convexity. Wetting 
depth below the surface is 7.0 cm. 
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penetration depths of most natural and simulated rainfalls. 

In agreement with results obtained during rainfall experiments (Bryan et a/., 1978), 
wetting depths on claystones during snowmelt were typically greater beneath inter fluves 
than rills, owing to the more compact, less-desiccated nature of rills, and to the 
impermeable clay lining present within them. However, as aresult of snow redistribution, 
a high proportion of interfluves were snow- or ice-free by the time melt episodes ensued, 
leaving these features virtually dehydrated throughout melt periods (Figure 4.48). 
Therefore, unlike during rainfall, when all slope features receive near-uniform amounts of 
precipitation, micro-scale preferential water penetration and runoff occurs in rills during 
mid-winter thaw episodes. 

Meltwater penetration rarely exceeded 2 to 3 cm beneath rill floors, but typically 
reached greater extents horizontally, on less compact rill sides or interfiuve margins. 
Figure 4.49 illustrates this frequent observation, and shows that the lower extent of water 
penetration, as on saturated, flat-lying claystones, generally remained horizontally uniform. 
In addition, the diagram shows that subsurface maximum penetration into rill sides is 
reached at points A and B (Figure 4.49), which approximately correspond to the midway 
depth of rill water or ice. These points are located at subsurface depths which most 
easily facilitate lateral water flow. Beneath these points, the crust becomes increasingly 
dense, retarding downward flow. Above the points (especially in the regolith above the rill 
water / air interface), water transmission occurs against gravity by means of capillary flow. 
These observations of relatively deep lateral penetration of meltwater into rill sides were 
made based cn visual! evidence of moisture zones, and subsurface concrete frost, the 
latter of which preserved patterns of meltwater penetration from earlier chinook melt 
episodes. 

Meltwater penetration on sandstone slopes reached slightly greater depths under 
prolonged snowmelt than during most rainstorms. Although wetting depths were typically 
quite shallow, meltwater frequently penetrated the compact subsurface beneath the 
weathering rind. As with claystone slopes, the deepest infiltration was on the rill sides 
(Figure 4.50), which, because of their weathering rind, absorbed more water than 
compact rill floors. Wetting depths on rill sides of 5.0 mm were common, but slow melt 


of rill ice on shaded north slopes permitted long-duration infiltration, often resulting in 
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Figure 4.48. Water from melting rill ice flows over a low-angled claystone slope (left to 
right). Wetting depth beneath the rill is 2.0 cm; adjacent inter fluve (top half of photo) is dry 
(February 20, 1982). 
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interfluve 
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___—— Direction of Subsurface Flow 


Moisture Penetration Limits 


Figure 4.49. Cross-sectional diagram of meltwater penetration in arill of a 
partially-disaggregated claystone slope. Drawn from actual measurements; see text for 


explanation. 
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Figure 4.50. Water from melting rill ice on a north —facing sandstone slope penetrates rill 
margins (dark areas) to amaximum depth of 1.75 cm. 


Figure 4.51. Melting snowpack saturates the weathering rind of a north-facing sandstone 
interfluve. The rind is easily scraped away to reveal wetting depths of 5 to 7 mm. Note 
mico-rilling of interfluve (bottom of photo), indicative of overland travel to rills. 
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wetting depths three to four times greater (Figure 4.50). 

Maximum wetting depths observed on excavated interfluve crests ranged from 5 
to 7 mm (Figure 4.51), which are a bit shallower than those on the interfluve margins (or rill 
sides), due to the smaller amounts of snow found on interfluves. Meltwater penetration 
on interfluves however, provided adequate snow was available, was also able to penetrate 
a few millimetres beneath the weathering surface, a state which is not usually recognized 
during rainfall. In fact, Hogg (1978, p.124) reports that wetting depths on sandstones, 
after anumber of summer rainstorms, typically reached no deeper than 2 to 3mm, 
corresponding to the maximum depth of the weathering layer. This deeper penetration 
may also have been facilitated by the absence of surface compaction by raindrop impact, 
as suggested by Hodges and Bryan (1982). 

Fine-grained alluvial fans and pediments usually exhibited wetting depths similar to 
those observed during rainfall (by Hodges, 1982; Hodges and Bryan 1982), whereby 
meltwater penetration halted upon reaching the vesicular layer 2 to 3 mm beneath the 
surface. In many cases however, where level pediments permitted ponding of meltwater 
over a period of a few days, or where continuous daily flow ensued over the same 
pediment area, water entered the vesicular layer to become absorbed in the sponge-like 
matrix. In these areas, wetting depths frequently reached 2.0 cm, although downwards 
transmission of water was extremely slow. 

Vegetated surfaces, including upper prairie flats, low-lying stabilized alluvial 
features, and terraces, absorbed meltwater to great depths, seemingly limited only by the 
amount of meltwater available on the ground surface. Maximum moisture penetration 
depths just over 30 cm were measured on many low-lying surfaces towards the 
termination of the chinook melt period in February, 1982 (Figure 4.52). Because of partial 
snow removal by wind before the onset of the chincok, many of the grassed, upper 
prairie flats retained less snow, thus shallower meltwater depths (Figure 4.53) than the 
compositionally-similar, grass-covered features in lower, more sheltered areas within the 
watershed. 

Table 4.8 shows the maximum moisture penetration recognized after a typical 
summer rainstorm verses those measured during later stages of the two major chinook 


periods (February 16-21; March 10-15) of 1982. As shown, snowmelt exceeds 
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Figure 4.52. Snowmelt penetration on a grass—covered terrace composed of silty Brown 
soil. Maximum wetting depth is 30 cm; depth at measuring stick is 25 cm (February 20, 
1982): 


Figure 4.53. Meltwater penetrates 9.0 cm into the silty-clay soil of this vegetated gully 
flank located on an upper prairie surface (February 20, 1982). 
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rainwater penetration on all lithologic units examined, by an average of 58%. This is 
primarily attributed to the longer duration and a slower rate of application (four to five 
days) with which melting snow and ice supplies moisture, thereby permitting prolonged 
sorption and infiltration processes to occur in badland materials. Vegetated surfaces are 
the exception, whereby the quantity of water introduced is generally more important than 
time. That is, deeper infiltration may be realized under either a snowmelt or rainfall 


episode, depending on the amount of water available. 


4.4.2 Runoff 

In theory, the sustained, deeper subsurface moisture penetration recognized 
during winter snowmelt episodes verses summer rainfalls should result in an overall 
decrease in the relative amount of water escaping the watershed as overland flow. Ona 
smaller scale, this idea may also apply to downslope water movement over a particular 
slope. However, observations suggest that a seasonally-alternating (i.e., summer verses 
winter) state of partial area runoff exists, which in fact may result in an overall /ncrease in 
the amount of overland flow runoff generated during snowmelt, per unit input of water. 
In the Alberta badlands, during winter, areas of partial runoff contribution are created by 
preferential redistribution of snow into rills, gullies, and ravines; areas which are known to 
generate runoff more efficiently than infiltrating interfluves. Due to rill accumulation, 
there is less water present on interfluves during snowmelt, whereas during rain, and 
because of the larger area represented by interfluves, the majority of precipitation falls 
upon these more absorbent features. 

In addition to the reason cited above, the widespread presence of frozen ground 
and surface ice in many rills, depression features, and drainageways facilitated overland 
runoff during chinooks, by prohibiting infiltration until melt-out. Channel ice formed in 
December, 1981 did not melt in entirety by the termination of either of the two major 
runoff-producing chinooks. Its presence, combined with rapid melt and general material 
impermeability, induced widespread flooding and overland flow (Figures 4.54 and 4.55). 

On the small, plot-size scale, overland flow was observed on slopes of all 
lithologies, except those covered with prairie grass. Relict dye paths on the surface of 


sandstone slopes in sub-basins X and Y were visually traced for linear distances up to 
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Figure 4.54. High temperatures (8.5°C) towards the end of the major chinook period of 
February, 1982 facilitate rapid snowmelt, creating overbank flooding atop the ice—laden 
drainage channels in the lower basin of sb-X (February 20). 


Figure 4.55. Melitwater ponding on a low-lying claystone pediment near sb-Z. Note the 
snowpacks still present to the leeward sides (view is towards the north) of isolated sage 
bushes (February 18, 1982). 
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10 m before becoming obscured by dilution. Dye inserted on steep, snow-covered 
sandstone inter fluves usually traveled from 5 to 20 cm downslope before diverting into 
adjacent rill channels and exiting at slope bases onto fans and pediments. 

During rainfall, most fans and pediments sustain sheetflow, with nearly the total 
surface area contributing to runoff. During snowmelt however, there is a high incidence 
of concentrated rill flow, particularly on fans and pediments swept clear of snow prior to 
melt (Figure 4.56). It is possible that the absence of raindrop impact also favours 
concentrated flow, through the lack of creation of micro-diversion channels on rill walls. 

Overland flow was also active on rilled claystone slopes during both major chinook 
intervals, determined by visual observations and by the presence of residual dye paths. In 
many cases, rill flow could be traced an entire slope length, though its prevalence was not 
as Common as On sandstones due to more efficient infiltration into rill sides. Meltwater 
flow in both claystone and sandstone rills ensued almost immediately after the initiation of 
snowmelt, as approximately 60% of rills on all slope aspects contained ice as well as 
previously-moistened and subsequently refrozen floors. 

The presence of frozen ground was also responsible for a delay with which 
throughflow commenced in the watershed. This is suggested by the fact that for both 
chinook melt episodes, substantial overland flow was recognized by the second day of 
each chinook, but pipeflow (except in large pipes with a surface entrance) was not 
observed until the next-to-last day of both melt periods, when channel runoff was in 
waning stages. Pipeflow was extremely shallow in depth (Figure 4.57) as compared with 
that occurring under rainfall, with most pipes issuing meltwater in trickles. This is due to 
the lack of snow (meltwater) remaining in the watershed by the time of sufficient melt of 
the throughflow-inhibiting frozen ground. 

Runoff in the primary drainage channel took on diurnal characteristics during both 
chinook periods, with peak flow occurring in late afternoon, and diminished flow during 
early morning hours. The chinook of mid-February initiated snowmelt on February 16, 
with concentrated runoff beginning the following day. Snowmelt production and runoff 
increased each day during the chinook period, and peaked on the late afternoon of 


February 20 (Figure 4.58). 
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Figure 4.56. Concentrated meltwater flow etched a rill and dendritic micro-rills into this 
slightly inclined (4°) pediment (February 19, 1982). 


Figure 4.57. Shallow pipeflow at the base of a claystone slope ensues during the 
second-to-last day (March 14) of the March, 1982 chinook period. Lens cap for scale. 
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Figure 4.58. Snowmelt runoff flows through the flume at the main channel outlet. Total 
stage height is 40 cm, including approximately 20 cm of ice at the bottom of the flume 
(4:00 p.m., February 20, 1982). 
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During the last two days (53 hours) of this runoff episode, seven measurements of 
stage height were manually recorded at the flume site at the watershed outlet (Table 4.9), 
to approximate the volumetric runoff escaping the watershed. These values were plotted 
as a hydrograph (not shown), from which an additional 46 houriy runoff figures were 
extrapolated. The total 53 consecutive stage height values were averaged to obtain a 
53-hour mean representative stage value of 11.3.cm. Using a pre-designed rating curve 
for the flume, this value corresponds to a volumetric runoff output of 7,632 m> for the 
53-hour monitoring period. In terms of uniform water depth over the catchment, this 
figure represents 22.7 mm of water, and is comparable to the input of a typical 
convectional rainstorm in the badiands, assuming total runoff. More significantly, the value 
exceeds the //ghest total! discharge figure obtained for a monitored summer rainstorm 
(4,069 m?, column 5 of Table 2.3, chapter 2) by nearly 50%, an indication of extremely 
high runoff efficiency and substantial precipitation input (i.e., build-up of snow reserves). 

The discharge figure of 7,632 m: is however, a highly conservative estimate of 
water output during the chinook, as it does not include channel runoff which exited the 
basin on February 17 and 18, prior to the stage height observation period. In addition, 
total ice depth within the flume was subtracted from the stage recordings, therefore 
water flowing between gaps in ice layers could not be determined, and was treated as 
solid ice depth. Hence, the 53-hour volumetric runoff estimate itself is also 
underestimated. Nevertheless, it shows that runoff during this mid-winter snowmelt 
episode was substantial, and indicates that total discharge easily exceeded that derived 
from any observed, high-intensity or long-duration rainstorm. 

A runoff coefficient for this as well as the last major chinook in March, 1982 
could not be determined due to the underestimation of precipitation input yielded through 
snow survey computations. The volumetric water equivaient of snow surveyed on 
February 5 was added to that which fell in the field from February 5 until the time of the 
mid-February chinook, for a total! input of 5,120 m’ of water. This figure is incorrect, as 
it implies that more water exited the basin than entered. The error is largely due to the 
location of snow survey points in areas subject to snow depletion by wind. It is also 
attributed to the inability to evaluate, through snow survey measurements or other means, 


the amount of water contained in the large ice deposits in low areas and drainage channels, 
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TABLE 4.9. FLUME STAGE HEIGHT AT VARIOUS INTERVALS WITHIN 
THE LAST 53 HOURS OF CHANNEL RUNOFF DURING THE 
1982 CHINOOK PERIOD. 


FEBRUARY, 


Date (1982) 


February 19 


February 20 


February 2] 


Time 


OE 
16: 


TOr 


00 


Depth of channel 


7 


Stage Height (cm) 


8.3 
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just prior to both melt episodes. 

Although runoff was not monitored in any of the sub-basins, each contributed 
substantial diurnal channel flow. During both chinook periods, sub-basin Y appeared to 
yield more water from its channel outlet than the other sub-basins, exhibiting sustained, 
deeper channel flow. The larger discharge of sb-Y as compared to sb-X is explained in 
part by the larger snow reserves held in storage in sub-basin Y. As stated earlier in this 
chapter, higher snow accumulations in sb-Y are not only attributed to the larger area of 
this basin, but also, to the lack of a high degree of snow removal by wind, as experienced 
in other sub-basins. 

Although sub-basin Y received less net snow accumulation than sub-basin Z, the 
latter retains the large, grass-covered upper basin, which greatly inhibited runoff from this 
area. The largest proportion of runoff from sb-Z was derived from the slope-sheltered 
head region of the lower basin, which is unvegetated and subject to little snow disturbance 
by wind. However, runoff emanating from the lower basin of sb-Z still appeared less than 
that generated by sb-Y. This is likely due to slope gradient; the very flat nature of the 
lower basin floor of sb-Z permitted meltwater ponding, hence more infiltration, and 
probably a larger amount of evaporation. By contrast, the steep side slopes and gradient 
of the first and last 35 m of the main channel of sb-Y greatly facilitated rapid, 
concentrated runoff. 

The larger discharge of sb-Y also reflects the higher drainage density of this basin. 
Per unit surface area, sb-Y retains a larger percentage of highly-rilled sandstone slopes 
than sb-X and sb-Z. Since snow accumulation occurred preferentially in rills, sb-Y 
displayed more snow in areas (rills) and on the lithology (sandstone) most conducive to 
runoff generation. These results imply that a state of partial area runoff production is 
evident in the badlands in winter, with variations in sub-basin contribution depending on the 
factors of snow distribution, drainage density (including the degree of rill dissection), 
slope gradient, lithology, and spatial extent of a vegetal cover. 

Despite the inability to calculate mid-winter runoff coefficients for the main 
watershed or sub-basins, it is held that runoff is extremely efficient during snowmelt, 
perhaps even greater than during rainstorms. Of the six factors outlined earlier which 


influence snowmelt runoff in a given watershed, a// were favourable to the production of 
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high runoff yields during the 1981-1982 field season. As noted in chapter 2, watershed 
runoff parameters of topography, vegetation, and material porosity and permeability are 
virtually the same under rainfall and snowmelt. Thus, they lend little insight into possible 
differences in runoff under the two forms of precipitation. 

Of the three remaining factors, snow/ water availability and ground conditions 
were both highly conducive to mid-winter runoff production. Early-season preferential 
snow accumulation and redistribution into rill and gully networks initially provided water 
for the formation of surface ice and frozen ground within these features, subsequent to 
the melt by aDecember, 1981 chinook. Continued depressional snow accumulation led to 
storage of great water supplies in features exhibiting not only compact, highly 
impermeable floors, but also, layers of impermeable ice, to facilitate the fast removal of 
large volumes of runoff. As both these runoff variables (quantity and location of water, 
and ground conditions) are recognized as being advantageous to badland runoff, and are 
recognized solely in winter months, their addition to the three runoff variables common to 
both precipitation forms should heighten the degree of runoff efficiency normally 
recognized under rainfall. 

Snowmelt rate, the final runoff parameter, is conducive to rapid runoff production 
in the badlands due to the combined influence of solar radiation melt and frequent, intense 
chinook activity. In comparison to rainfall however, this factor serves as more of a 
deterrent to runoff, by allowing slow, sustained infiltration and sorption by badiands 
materials. Nevertheless, snowmelt runoff is maximized through favourable conditions 
afforded by the five preceeding runoff variables, and appears as efficient, perhaps even 


more so, than rainfall runoff. 


4.5 The Geomorphic Role of Snow, Ice, and Snowmelt 

The following discussion on the role of freeze-thaw, wind erosion, slope 
denudation, and sediment transport shows that snow, ice, and snowmelt are active agents 
in the initiation of mid-winter geomorphic events. The resuits of winter and summer field 
measurements also indicate that there is a seasonal modification in the weathering regime 
of the Alberta badlands, which is ultimately controlled by snow distribution. The effects 


of this erosional alteration are not fully described or accounted in previous research most 
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relevant to snow geomorphology in badlands. 


4.5.1 Freeze Thaw: Ice Formation, Frost Heave, and Preferential Erosion 

Surface loosening of bedrock materials by freeze-thaw processes was widely 
recognized in the watershed, and occurred during, as well as between chinook intervals. 
Visual evidence of freeze-thaw was seen in the widespread creation of ice-crystal 
marks,* on the surfaces of claystones, sandstones, and pediments. These shallow cracks 
penetrated ail lithologies to maximum depths of 5 mm, and often displayed oriented 
growth patierns (Figures 4.59 and 4.60). The growth of ice crystals took place 
nocturnally, utilizing water generated by radiation melt during cold periods, and a 
combination of radiation and atmospheric heat transfer during chinooks. 

The ice cracks are distinguished from those formed under ordinary 
hydration/ dehydration sequences by their shape and growth orientation. Whereas the 
shrink / swell phenomena characteristic of claystones produces jagged, interconnected, 
and often polygonal crack patterns on compact claystones, ice crystal formation creates 
clusters of smail, individually-separated and elliptically-shaped indentations (see Figure 
4.59). On some claystones and most sandstones, ice-crystal marks appeared as 
elongated, relatively straight cracks, which were easily distinguished from the normally 
jagged, wider cracks formed in the sandstone weathering rind during summer (see Figure 
4.60). 

It is probable that persistent night-time growth of ice crystals during winter 
promotes tensile weakening of surface bedrock materials, assisting the reduction in 
material strength and cohesiveness caused by hydration/ dehydration cracking. The 
addition of winter-time ice crystal cracking facilitates the erosive capability or sediment 
removal efficiency of overland runoff during chinooks. On regolith-mantled claystones, 
ice-crystal marks were etched into individual clay aggregates such that the material 
crumbled easily into blocky sub-aggregates, upon application of slight pressure. In 
addition, freeze-thaw processes are likely responsible for a seemingly high incidence of 
exfoliation weathering on sandstone interfluves (Figure 4.6 1). 


1sAccording to the Glossary of Geology (1980), an ice-crystal mark is "a crack formed on 
a sedimentary surface by the sublimation of a crystal of ice”. 
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Figure 4.59. |ce-crystal marks on a compact, desiccated claystone slope (February 20, 
1982). Note the radiating pattern of cracks in front of the lens cap. 


Figure 4.60. Oriented ice-crystal marks on a sandstone inter fluve in sb-Y (January 16, 
1982). 
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Figure 4.61. Mid-winter erosion on a sandstone slope. Dark patches on the weathering 
rind indicate recent removal of material by exfoliation, probably caused by freeze-thaw 
activity during the chinook of late February, 1982. Note ice in rill. (Photo taken on 
February 18). 
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Ice crystal formation was confined to the upper few millimetres of the bedrock or 
moist channel sediments, with individual crystals always growing along (parallel) to the 
surface. This is contrary to the perpendicular growth patterns of needle ice, and is mainly 
due to the high clay content and compactness of badland materials. These characteristics 
restrict the capillary migration of subsurface water necessary to sustain vertical ice 
growth. Hence, grain size, material content, and the amount of water available do not 
favour widespread free ice formation, except in the very near surface of materials. 

The restricted frost susceptibility of badland lithologies also applies to the growth 
of subsurface ice, which, as noted in Chapter 2, requires similar conditions of formation 
as needle ice. Although present in some claystone units, subsurface free ice formation 
was rare, encountered only twice during the course of numerous subsurface excavations. 
Minute ice crystals were found within a subsurface cavity formed in the loosened regolith 
of aclaystone interfluve. On another claystone slope, small ice lenses speckled the 
frozen material of rill margins (Figure 4.62). Most often however, probably due to grain 
size, water availability, and the rapidity of refreezing, subsurface materials became frozen 
into a solid, homogeneous mass, with few free ice inclusions. Such was the case beneath 
most of the watershed channels that became ice-filled after the December, 1981 chinook 
melt episode. 

These findings raise questions as to the effectiveness of frost heave in badland 
materials in winter. Relatively low permeability greatly restricts meltwater penetration and 
little subsurface water !s available to act as aresevoir for segregated ice lens formation. 
As shown earlier, however, claystone units experience the deepest meltwater penetration 
depths of ail badiand lithologies. And, the approximate 9% expansion volume gained by 
water upon freezing suggests that surface heaving occurs in claystones, regardless of 
whether free ice is formed, or, as observed in many units, the creation of solid, frozen 
ground dominates. 

Support for the heavability of claystones is indirectly provided by seasonal surface 
height measurements undertaken by Campbell (1974). Of the nine, 1 m? plots examined, 
the three showing the largest net surface rises over four consecutive winter periods 
(measurements taken in the spring) were all composed of claystone. Two of the plots 


displayed an aggregate-mantled regolith, while the other was topped by a dense network 
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Figure 4.62. Small, subsurface ice lenses form in the frozen, saturated sides of this 
ice-filled claystone rill (March 14, 1982). Due to ice lens inclusions, the frozen rill sides 
are aptly designated as concrete frost. 
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of desiccation cracks. It is highly probable that frost heave of frozen ground occurs, and 
is most profound in claystone units displaying broken surface characteristics, where 
meltwater may penetrate deeper than in more compact claystones, and sandstones. 

Given that surface loosening (caused by repeated frost heaving) and material 
shrink / swell (caused by meltwater hydration/ dehydration) is active in the Alberta badlands, 
and considering that subsurface ice and frozen ground was found predominantly in rill 
sides and larger gully channels, it follows that the seasonal accumulation of snow and ice in 
rills translates into a cycle of preferential material generation in these areas during winter. 
It also points to a seasonally-varying concentration of sediment remova/ from rill zones, 
upon melt of these snow reserves. Together, the actions of material production and 
removal suggests an accelerated winter erosion regime for rills and low areas, or, perhaps 
more aptly, a deceleration’ of winter-time degradation in areas (€.g., interfluves) other 
than these zones. Although measurements of the winter season variations in rates and 
quantities of rill versus interfluve erosion were not undertaken, the fact that snow 
accumuiated preferentially in depression areas supports this claim. 

The hypothesis of preferred winter-time widening and deepening of rills is in 
agreement with Hodges and Bryan (1982), that is, rills are initiated during snowmelt 
activity. These findings are contrary to those of Schumm and Lusby (1963) and Schumm 
(1964), who, as noted in Chapter 2, maintain that freeze-thaw ioosening of the Mancos 
shales results in winter season obliteration of rills and re-establishment during spring 
rainstorms. The disparity is likely due to a lesser magnitude of frost disaggregation and 
material production around claystone rills of the Oldman Formation in comparison to that 
occurring in the more frost-susceptible Mancos shales of Colorado. In addition, 
mid-winter chinook thaws constantly remove accumulated debris and stock piling of 
disaggregated materials does not occur inrills. No channel obstruction or disappearance 
was noticed on claystone slopes in the watershed, but rill maintenance and persistance 


was evident on many slopes (Figures 4.63 and 4.64). 
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Figure 4.63. Melting ice in the head region of a shallow rill atop a slightly—inclined, 
aggregate—mantled claystone slope crest (February 19, 1982). Micro-scale liquifaction 
processes provide the clayey residue on the rill floor, which reduces surface permeability 
and helps to establish rill permanency. 
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Figure 4.64. Ice marks are indicative of freeze-thaw loosening in this rill (same as that 
pictured in the previous photo), but rill obliteration, such as that recognized in the Mancos 
shales of Colorado is not evident (March 14, 1982). 
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4.5.2 Wind Erosion 

Although frost heaving and material loosening were difficult to ascertain through 
visual observations, it is extremely likely that the combination of chinook-induced 
freeze-thaw and hydration/ dehydration sequences enhanced geomorphic activity during 
the winter period. This assertion is also maintained by Hinman and Bisal (1968) and 
Anderson and Bisal (1969), concerning soil erosion in prairie fields of southwestern 
Saskatchewan. Repeated thawing, drying, and freezing processes were effective in 
decreasing soil aggregate particle size and "the soil often becomes highly susceptible to 
erosion by strong winds which commonly occur throughout the winter period” (Anderson 
and Bisal, 1969, p. 287). 

The effectiveness of wind erosion as facilitated by freeze-thaw and 
hydration/ dehydration was very evident in the badlands during the major chinook period 
of February, 1982. Towards the latter stages of the chinook, following substantial melt, a 
resurgence of dry, strong southwest winds removed freshly-desiccated and loosened 
particles. Much of the deflated material became trapped by the windward-facing surfaces 
of moist snowpacks (Figure 4.65). While the threshold shear velocity of the wind was 
sufficient to cause particle dislodgment, it was inadequate to initiate further redistribution 
of aged, high-density snow deposits. 

Although wind erosion occurs throughout the year, it is more easily seen in winter, 
by means of snowpack discolouration. In fact, wind erosion may be more important in 
winter than in other seasons, due to the higher winter wind speeds. Both ives (1950) and 
Longley (1972) support the idea that chinook winds are capable of dramatic soil drifting 


activity. 


4.5.3 Basal Slope Erosion, Mass Movement, and Other Forms of Slope Denudation 
Evidence of differential erosion, in the form of slope oversteepening, occurs on 
numerous slopes in the watershed, and particularly on claystones. Because many of these 
oversteepened slopes were not situated adjacent to drainageways, formation by fluvial 
undercutting (which was also an active erosion process -- see Figure 4.66) was 
discounted. Uniformly-falling rain could not be considered a cause for preferential basal 


oversteepening, and cap rock presence was likewise not a factor. Although visually 
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Figure 4.65. Strong southwest chinook winds deposit sediment on the windward-facing 
flanks of two streamlined snow dunes (February 18, 1982). Snow redistribution by strong 
northwest winds created the deposits to the lee of sage bushes. Stabilized by sintering 
and meltwater percolation induced by radiation melt and warm temperatures, the dunes 
remained immobile while steady, 60 km hr-? chinook winds transported and deposited 
loosened sediment throughout the watershed. Sediment accumulation also hastened 
snowmelt on southwest-facing slopes by decreasing the surface albedo of snowpacks. 
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Figure 4.66. Basal slope oversteepening by fluvial undercutting (February 19, 1982). 
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non-detectable, it is probable that many of the oversteepened slope bases and mid-slope 
breaks were initiated by very subtle changes in lithology (i.6., mineralogical composition or 
structure). 

Once minor slope gradient variations are established, it is highly likely that 
accelerated differential erosion in basal and slope break zones (shown in Figures 4.67 and 
4.68) is facilitated by processes associated with preferential moisture distribution 
occurring in winter. Bedrock freeze-thaw may account for a small degree of material 
loosening, but the insulating effects of basal snowpacks, and lack of a substantial freezing 
amplitude probably restrict this activity to a minimum. It is most likely that the 
seasonally-repetitive cycle of basal snowpack formation, mid-winter chinook melt, and 
snowpack replenishment affords a persistent, preferential attack on basal slope materials, 
by means of meltwater-triggered micro-slumping and liquifaction. Material thus detachea 
is transported across or deposited atop alluvial fans with each chinook-induced meltwater 
flow. The seasonal pattern of snowpack accumulation ensures a continued, differential 
weathering regime on lithologically-induced slope breaks and basal zones. 

Another, more impressive form of degradation common in the badlands during 
winter is rapid mass wasting of slope materials by sloughing of small particles, 
aggregates, and aggregated masses. Observed repeatedly during chinook snowmelt 
periods, this rapid downslope movement of material occurs on claystone slopes and in the 
silty-clay soils of vegetation-topped features. The highly compact structure and limited 
infiltration capacity of sandstone slopes prohibits such activity. 

The most intense sloughing occurred during the February, 1982 chinook, between 
February 18 and 20, when rapid snowpack melting caused material strength reduction by 
creating positive pore water pressures and decreasing cohesive forces of near-surface 
particles. Collapsed and sloughed material was largely generated from slope regions, just 
above dissipating basal snowpacks, where enhanced peripheral melting took place (Figures 
4.69 and 4.70). Approximately 80% of all the largest-scale mass movement activity 
occurred in these upper snowpack zones, near the basal portions of claystone slopes. 

On rilled claystone units, aggregate dislodgment by marginal snowpack melting was 
found more often at rill/interfluve boundaries than on interfluves (Figure 4.71), due to the 


larger amounts of meltwater available in rills and within rill sides. Additional mass 
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Figure 4.67. Basal degradation on a west-facing, disaggregated and rilled claystone slope 
(March 14, 1982). Meltwater paths (left-centre of photo) attest to the recent 
disappearance of a basal snowpack. Broken metre stick for scale. 


Figure 4.68. Melting of a mid-slope snowpack at the base of an east-facing siltstone unit 
(March 13, 1982). Basal slope oversteepening is apparent. Glove for scale. 
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Figure 4.69. Peripheral melting of a basal snowpack initiates material weakening and 
detachment on a north-facing claystone slope in sb-Z (February 20, 1982). Hammer for 
scale. 
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Figure 4.70. Peripheral melting of a snowpack on the northeast-facing flank of a 
vegetation-lined gully in sb—Z triggers sloughing and sliding of partly unconsolidated 
silty—clay (February 20, 1982). Sloughing was actively occurring at the time the photo was 
taken, with individual particles rolling downslope in a procession—like manner. Hammer for 
scale. 
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Figure 4.71. Peripheral melting of a snowpack on an east-facin initi 

claystone slo t 
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movement occurred on middle and upper slope regions of claystone slopes, but with less 
frequency and intensity than on lower slopes influenced by basal snowpacks. Steep, 
aggregate-mantled upper slopes retaining melting snowpacks were often subject to 
particle sloughing and downslope tumbling of aggregates, as regolith materials weakened 
and yielded to the effects of gravity (Figure 4.72). 

Large-scale slumping and collapse of massive, coherent slope portions generally 
did not occur during the field season. Deflation of snow produces a lack of sufficient 
meltwater on most siope faces. Even though meltwater normally penetrates subsurface 
materials to greater depths than rainwater, the preferential redistribution of snow into 
lowland areas and slope bases limits the amount of water available to the total slope 
surface, and hence decreases the probability of major failure, especially rotational 
slumping. However, the smaller-scale undermining and removal of basal slope materials by 
peripheral snowpack melting during winter thaws increases the likelihood of massive slope 
collapse during spring and summer rainstorms. 

An exception to the general absence of significant mass movement during winter is 
noted in areas covered in vegetation, such as slopes adjacent to stream channels, or on 
the upper side slopes of terraces and prairie flats, wnere vegetation serves as a cap 
rock” for underlying materials. In these latter areas particularly, prolonged snowmelt 
infiltration often triggered overburden collapse, resulting in the removal of the protective 
lip of vegetation (Figure 4.73) along a failure plane conforming to the surface slope 
profile. Because of the great infiltrating capacity of vegetated surfaces, this type of mass 
wasting is common under both snowmelt and rainfall. 

Of the three sub-basins, sb-Z showed more evidence of snowmelt-induced mass 
movement than either of the others. In fact, very little mass movement was recognized in 
sub-basins X and Y. This is mainly due to the fact that sb-Z possesses more claystone 
slopes per unit surface area than sb-X or sb-Y, as well as more total claystone surfaces, 
due to its larger area. In addition, the relationship between slope aspect and snow 
distribution seems to be an important factor in determining which claystone slopes are 
most susceptible to mass movement. Similar to the findings of Beaty (1972), there 
appeared to be a higher percentage of mass movement activity occurring on claystone 


units facing north, northeast, east, and southeast. Beaty found that the highest percentage 
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Figure 4.72. Mid- and upper-slope snowpacks on an east-facing claystone slope near 
sb-Z generate moisture-weakened aggregates which, aided by strong winds, tumble 
downslope into a basal snowpack (February 20, 1982). Footprints for scale. 


r 7} 
F ; % , 
* i af 


GO BQ0l4 snore van: th tehe bo, r 
SAL zorwa Ci eaee. {Ch oy 
- : —_ 
ar | iT 


ney 


215 


MELE 


ge! 


2) WTS ker a eet Ba Se 
eae agen RE Se eM 
: oa « 
sé 


Ne) SEES, ADS 


Figure 4.73. Snowmelt infiltration into a north-facing vegetation—mantied claystone slope 
results in the collapse of a section of the moisture-weakened overhang. Depth of material 
removed is 30 cm. 
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of relict slump scars examined (34%) were located on northeast-oriented slopes, with the 
second highest occurrence (23%) on east slopes. Although no quantitative tally was made 
in the badlands, it is certain that the highest percentage of material sloughing and caving 
observed during 1981-1982 occurred on east-facing slopes. 

As explained earlier (and illustrated previously in Figure 4.27), east slopes received 
more snow than others (except south) due to the joint actions of chinook and Arctic 
winds. Receiving more snow than radiation-protected north slopes, and receiving less 
radiation than the snow-abundant south slopes, east slopes were subjected to the 
optimum erosional conditions of slower melt of larger snow reserves, resulting in longer 
infiltration of more meltwater, and thus a higher magnitude of erosion during mid-winter 
chinook thaws. Furthermore, the northerly component of snow-redistributing Arctic 
winds serves to alter the erosionally effective moisture regime from predominantly 
northeast slopes (southwestern Alberta - Beaty's results), to predominantly east slopes 
(southeastern Alberta - these findings). This explanation is likely the reason for the 
increased mass movement activity seen in sub-basin Z, which displays far more east- and 
northeast-facing claystone slopes than the other sub-basins. 

Sloughing and small-scale slumping on east and north claystone slopes was 
recognized in the watershed during the later stages of the mid-February and mid-March 
chinock intervals. South- and west-facing slopes, on which very little snow remained, 
experienced micro-scale clay aggregate slumping and partial surface sealing under daytime 
radiation melt and chinook activity. However, the magnitude of sioughing and surface 
creep occurring during chinooks was greatly lessened by continuous mid-winter radiation 
melt, which decreased the supply of snow available on these slope faces, for rapid, 
chinook-induced melt and ensuing mass movement. Additionally, chinook winds probably 
generated quicker evaporation and material desiccation on windward-facing south and 
southwest slopes, also resulting in reduced meltwater infiltration depths and decreased 
erosion. 

These observations suggest that aspect-related differential snowmelt plays an 
active role in differential slope denudation during winter. Although short-term 
observations point to a less intense degree of geomorphic activity during winter than 


summer, its concentration on slopes of particular aspects may show more clearly through 
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examination of the long-term effects of erosion. This line of reasoning was therefore 
pursued further through the analysis of slope angle measurements taken subsequent to the 
winter field season (previously described in detail in Chapter 2). 

Mean angle data for the 110 paired, north- and south-facing claystone and 
sandstone slopes examined is shown in Appendix G, and yields results which support a 
spatially-differentiated erosion regime. As structural and compositonal differences of 
both lithologies produce a wide range of slope angles, comparison of the overall mean 
slope angle among unpaired north- and south-facing claystones, sandstones, or between 
lithologies, is meaningless to the investigation of aspect-related slope variations. The key 
element of comparison lies in the examination of angles on opposite-facing slopes of the 
same topographic feature, thus assuring uniformity of structure and composition. Table 
4.10 shows tabulations of the numbers and percentages of paired claystone and 
sandstone slopes showing steeper (or equal) north- or south-facing slope angles. Of the 
55 paired claystone slopes sampled, 33, or, 60% display a steeper south-facing slope. 
Steeper north faces were encountered on 15 occasions, and 7 paired slopes display equal 
or near-equal slope angles. For sandstones, north and south slope distribution is 
extremely close, with 22 showing a steeper north face, and 23 exhibiting a steeper south 
face. Just over 18% of the paired slopes sampled maintain equal angles. 

To ascertain whether there is a significant difference in the frequency of slopes of 
a given lithology which possess a steeper slope aspect, the chi-square (X?) statistical test 
was employed separately for claystones and sandstones, using the values appearing in 
rows 4 and 5 (Table 4.10). For the test, the null hypothesis is given that there is no 
significant difference in the frequency with which south-facing slopes of topographic 
features are steeper than the north-facing slopes of the same feature. For claystone 
slopes, the caiculated chi square, with one degree of freedom is 6.75. As this value is 
greater than the tabled X? value (6.64) at the 0.01 significance level, there is less than a 1% 
probability that the sampled distribution is random. On this basis, the null hypothesis must 
be rejected for the case of claystone slopes. For sandstones, the calculated X? value 
(0.022) is far less than the tabled figure (6.64) at the 0.01 significance level, indicating 


acceptance of the null hypothesis. 
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These results show that claystone features show a significant difference in the 
frequency with which the mean angles of south-facing slopes exceed those of their 
north-facing counterparts. Further analysis reveals that the average difference between 
north- and south-facing mean slope angle is 10.4°, when the south-facing slope gradient is 
the steeper of the two. As the value is fairly low, it serves to obscure the 
numerically-evaluated slope relationship from detection by visual field observations. 
Nonetheless, there is an existing difference, which cannot be attributed to either lithologic 
changes or structural alterations. It is therefore concluded that differential solar radiation 
receipt and its effect on moisture availability is the primary cause of preferential slope 
steepness on claystone slopes. 

These findings are in general agreement with aridland south slope steepening 
recognized by Von Engeln (1948); Spence (1972); Toy (1977); and Churchill (198 1}, and 
are probably indicative of a higher susceptibility of north-facing slopes to gradient 
reduction by slumping and aggregate sliding, or creep. However, it is clear that the degree 
of slope variation is not as great as that found in the South Dakota badlands, where it is 
maintained that steeper south slopes erode primarily by rockfalls initiated by desiccation 
or freeze-drying, and north slopes by slumping, mudflows, and creep (Churchill, 1981). 
Similar to observations of Churchill, a high degree of small rockfalls of clay aggregates 
occurs on steep, south-facing claystone slopes. However, north, east, and west slopes 
are also subject to such activity upon dehydration and shrinkage of aggregates, and a 
possible dominance of this mode of erosion on a particular slope aspect was not 
investigated. 

Contrary to Churchill's observations in South Dakota, there is no conspicuous 
difference in the degree of rill dissection on varying slope aspects in the Alberta badlands. 
This implies that denudation by rill wash on the Oldman claystones is effective on both 
north- and south-facing slopes, and that there may not be a great variation (though there is 
likely some difference) in the infiltration characteristics of these slope aspects. There has 
been virtually no examination of infiltration variations according to slope orientation in the 
Alberta badlands, as there has been in the Israeli badiands (Yair et a/., 1980; Yair and Lavee, 


1982) and in South Dakota (Churchill, 1981). 
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Nevertheless, numerical data on slope form suggests that long-term weathering 
regimes on north- and south-facing claystones differ to some degree. On the basis of 
winter field observations, it appears that slope form is affected by moisture retention 
variations caused by differential radiation receipt. The best documentation of this is seen 
in the pattern of snowmeit disappearance and slope degradation. The longer duration of 
snowpacks on north and east slopes, and the quick-drying, mid-winter melt and 
evaporation on south and west slopes, indicates a differential moisture penetration regime 
whereby enhanced gradient reduction by sloughing and micro-slumping occurs on north 
and east slopes, and, a reduction in geomorphic activity on south and west slopes. 

The overall decrease in the frequency and magnitude of geomorphic events 
occurring in winter, however, suggests that differential solar radiation must also function 
effectively during summer. it is fairly certain that increased radiation receipt on 
south-facing claystone slopes during summer leads to quicker dehydration by evaporation, 
as it does in winter, and may also limit the extent of infiltration and water penetration, 
favouring the development of steeper south slopes. Further research is needed on this. 

This study suggests that winter snow distribution and snowmelt does cause 
aspect-induced south slope steepness on claystone slopes in the Alberta badlands. And, 
in answer to the three possible roles of snow distribution and melt in contributing to 
preferential slope steepness (posed at the end of Chapter 3), clause number 3, "...snow 
distribution and melt is such that it enhances the effects of differential insolation”, is likely 
the adequate explanation of the effects of snow on slope development. 

The implied correlation between differential solar radiation receipt and slope form 
cannot be extended to include the weathering regime of sandstone slopes. The denser 
and more indurated sandstones limit deep water penetration on all slope aspects. The 
combination of compactness and grain size inhibits the formation of surface aggregates, 
resulting in runoff and weathering characteristics which are very different from those 
recognized on claystones. In effect, sandstones are not susceptible to mass movement 
except where removal of large portions of basal support material facilitates slope 
collapse. The sloughing and sliding occurring on claystones is replaced on sandstones by 
sheetwash and concentrated degradation in rills. Hence, sandstone slope form is 


negligibly influenced by differential radiation receipt, but is determined rather, by inherent 
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structural and lithological controls. 

The ineffectiveness with which solar radiation invokes differential slope gradient 
reduction on sandstones is clearly evident from numerical slope data given in Table 4.10. 
The near-identical frequency with which north and south slope faces exceed one another 
in steepness (rows 4 and 5, and rows 8 and 9) attests to this, with significance confirmed 


by the X? statistical analysis and adoption of the null hypothesis. 


4.5.4 Sediment Erosion and Transport 

There is some similarity between the relative amounts of sediment transported 
through the main channel of the watershed during individual rainstorms and snowmelt 
runoff episodes. This observation is drawn from comparisons of suspended sediment 
data of rainstorms versus snowmelt, and from measurements of sediment deposition and 
accumulation within the channei upon termination of runoff events. 

Table 4.11 gives suspended sediment concentrations sampled during a 
long-duration rainstorm of 1983, as well as seven samples taken during the chinook 
runoff period of February, 1982. Although the data reflects the known variability in 
sediment concentrations during individual runoff events (c.f., concentration values at 
10:42 versus 16:18 for the June 18 rainstorm at a 14 cm stage height), and variations are 
also recognized from one runoff period to the next, the two sets of data show 
complimentary concentrations for like stage heights. Additionally, both sets generally 
show the expected increase in materia! concentration levels with increase in water flow. 
Furthermore, sediment concentrations during snowmelt runoff remain at “normal” levels 
despite the fact that the snowmelt runoff period lasted almost six days, as opposed to a 
few hours for most rainstorms. 

The depth of sediment deposited in the main channel outlet after rainstorms and 
snowmelt runoff episodes is also similar. Waning flow during the early morning hours of 
March 12 permitted measurement of material derived from bedload transport and 
suspension settling, which became deposited atop a pre-formed layer of channel ice. 
Sediment thickness varied, expecially in meander stream sections (Figure 4.74). On 
relatively straight reaches, sediment deposition averaged about 7 cm (Figure 4.75) atop 


the ice layer. This is similar to rainstorms, as sediment aggradation observed in the flume 
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TABLE 4.11. 


COMPARISON OF SUSPENDED SEDIMENT SAMPLES 
FROM A SPRING RAINSTORM VERSES SNOWMELT 


RUNOFF. 


Date Time 


June 18 13% 


Feb. 19 10: 
16: 
Feb. 20 10: 
16: 
WS 
Feb. 2] 10: 
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Depth of channel 
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Snowmelt Runoff of the February, 


Rainstorm of June 18, 1983 


Flume Stage Height (cm) 
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Figure 4.74. Sediment deposition beneath a slip—off slope near the main channel outlet is 
exposed during an early morning period of waning diurnal flow (March 12, 1982). 


Figure 4.75. Sediment accumulation and ripple formation in a straight reach of the main 
channel (March 12, 1982). Alluvium obtains a thickness of 7.0 cm at ripple crests, and is 
underlain by 2.0 cm of solid ice, formed by refreeze of waning runoff upon cessation of 
the late February chinook. Note the surface ice-crystal marks formed nocturnally, under a 
minimum temperature of —5.5°C. 
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after cessation of rainstorms frequently measures 5 to 10 cm. 

These observations support the statement made earlier that chinook-induced 
snowmelt runoff events may be likened to individual rainstorms, in the absence of one 
large, spring thaw period. This idea seems to hold for sediment removal too, but the 
gross simplification of suspended sediment and depth comparisons between rainfall and 
snowmelt may obscure some important differences between the relative amounts of 
sediment removed under the seasonally-varying erosion regime. For example, sediment 
loads appear to be approximately the same under rainfall and snowmelt, despite the fact 
that snowmelt suspended sediment samples contained little alluvium derived secondarily, 
from the channel! bottom, as normally occurs under rainfall runoff. This is due to the 
ubiquitous 2-5 cm ice cover, which, throughout both the February and March chinook 
periods, protected underlying channel! sediments from re-entrainment and transport by 
suspension or traction. Thus, per unit volume, snowmelt runoff likely contains more 
"newly derived” material than rainfall runoff. 

This interpretation implies an expected decrease in the content of sediment carried 
through the main channel under conditions of early-winter ice formation. Also pointing to 
an eminent reduction in the amount of material channeled through the watershed during 
snowmelt runoff, is the seasonal variability of the surface area contributing sediment to 
the system. That !s, preferential snow accumulation in rills and gullies greatly reduces the 
potential for flow-induced entrainment and transport from snow-barren slopes and 
interfluves, circumstances not occurring under rainfall. 

The question remaining, therefore, concerns the lack of reduction or tapering off 
of per unit volume sediment concentrations during chinook runoff periods. As already 
mentioned, the previously expected high spring sediment yields postulated for the 
badlands (Hogg, 1978), and realized in Colorado (Schumm and Lusby, 1963; Schumm, 
1964), did not occur in the winter of 1982-83 because of the constant removal of 
material by repeated mid-winter runoff events; there was no end-of-season culmination of 
geomorphic activity. The apparent equality of sediment concentrations during rainstorms 
and snowmelt may be attributed to the greater efficiency with which sediment is produced 
in rill zones between chinook thaws. Due to winter processes of freeze-thaw desiccation 


and frost heaving, more sediment is produced in these areas than during summer 
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rainstorms. Thus, heightened rill degradation in winter probably yields more sediment 
during chinook runoff, but this realization becomes obscured by the smaller, total surface 
area from which it generated, and by the decreased contribution of transient, main channel 


alluvium. 
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5. SUMMARY OF RESULTS AND CONCLUSIONS 


5.1 Summary of Results 

This investigation of the role of snow and snowmelt has provided a first 
understanding of geomorphic processes operating in the Alberta badiands during the 
winter season. Field examinations of the behaviour of snow accumulation, distribution, 
melt, infiltration, and runoff have yielded greater insight on the relationship between snow 
and badland erosional response, and have generated many questions. Results of these 


examinations are summarized below. 


5.1.1 Snow Accumulation 

he Past meteorological records and field measurements of snow accumulation show 
that close to one-third of the total mean annual precipitation normally received in the 
badlands fell as snow during the winter of 1981-1982. 

Zi Snow surveys revealed that the amount of snow present prior to mid-winter runoff 


episodes was similar in snow/ water equivalent to low-intensity summer rainstorms. 


5.1.2 Wind and Snow Distribution 

1. Short-term observations and long-term wind records show high-velocity Arctic 
northwest winds and southwest chinooks characterically dominate during winter, and 
that alternations of these winds in winter are typical and seasonally repetitious. 

2. The bimodal nature of these effective, snow-moving winds is realized in zones of 
southern Alberta which lie on the outskirts of the "heavy chinook belt” as defined by 
Beaty (1975). 

oF The redistribution of snow, during and after storms results in a snowcover 
characterized by bare areas, and areas of heavy drifting and snow deposition. Areas 
which experience snow removal include slope crests, faces, and expansive, 
relatively flat areas, especially those covered by pediments and fans with low 
surface roughness characteristics. Grass-covered regions are also subject to 


deflation, but less so on terraced flats in low-elevation areas of the watershed than 
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On upper prairie surfaces. 

Areas characterized by heavy snow accumulation and drifting include wind-sheltered 
surface depressions, such as gullies and rills. Large snow deposits are also located 
on lee slope bases oriented clockwise from north to south. On slopes, greatest 
deposition is permitted on those facing east, due to the joint, westerly component 


of the bimodally-influencing winds. 


5.1.3 Snowmeilt 


ils 


Chinook activity strongly influences badland hydrology by initiating anumber of 
snowmelt episodes throughout the winter season. 

Differential solar radiation melt is evident, and contributes to both south slope 
snowmelt under air temperatures below O°C, and rapid melt on south and west 
slopes during chinooks. 

Differential radiation receipt is the most important factor governing the rate and 
sequence of snowmelt on badiand slopes, overshadowing the influence of snow 


distribution. 


5.1.4 Infiltration 


1: 


Snowmelt penetration into the subsurface generally exceeds that of rainfall on all 
lithologies except those covered by vegetation, where it is usually dependent on the 
amount of water available. 

Deeper snowmelt penetration is primarily attributed to the longer duration and 
slower rate with which melting snowpacks provide a source of moisture for 
prolonged sorption and infiltration processes. 

Due to preferential snow redistribution, the deeper penetration realized under 
snowmelt is spatially limited on many slopes, to rills and rill sides, the latter of which 


experience relatively extensive lateral infiltration. 
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5.1.5 Runoff 


1k 


Observed patterns of snow distribution indicate a seasonally-varying runoff source 
area, concentrated in rills, gullies and other drainageways of the watershed. 

Many slopes remain largely dehydrated during winter runoff periods, a condition not 
recognized during rainstorms. 

Concentration of moisture in rills is also indicative of a higher runoff efficiency in 
winter, due in part to a reduced loss of water to absorbent interfluves, steep slope 
faces, and slope crests. 

The early formation and widespread coverage of rill ice and frozen, solid ground 
beneath lowland areas also favours a higher runoff efficiency in winter. 

Spot monitoring of main channel runoff during the February, 1982 chinook reveals 
that total discharge exceeded the volumetric outflow recorded for all 


individually-monitored rainstorms of 1981 and 1982. 


5.1.6 Geomorphology 


1; 


The partial area concept, whereby rills, gullies, and other lowland areas in the 
badlands are major contributors to overland flow, is extended to include partial area 
sediment generation and accelerated winter erosion in rill zones. Loosening of rill 
material by frost heave, permitted by repeated thaw and refreeze of moisture in 
areas of high snow accumulation ensures focussed, and preferential production and 
removal of sediment in rills during winter. 

Agglomeration of rill materials, and obliteration of riils in winter is not recognized in 
the Alberta badlands as it is in the Mancos shales of Colorado, due to continuous 
removal of sediment by chinook-induced flow. Restricted meltwater penetration and 
high clay content of Oldman lithologies also reduces intense frost disaggregation by 
subsurface free ice formation. Most ice-related material detachment is achieved 
through differential frost heave around rills, associated with the volumetric 
expansion obtained by frozen water. 

Mass movement activity on claystone slopes is not as common or as widespread in 


winter as in summer due to limited meltwater availability on slope face interfluves. 
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Preferential snow accumulation at slope bases permits differential erosion in these 
areas in winter. Basal and mid-slope break sapping primarily operates through 
micro-slumping, aggregate sloughing, and liquifaction, during rapid, chinook-induced 
meltwater production. 

East-facing slopes and slope bases show the highest magnitude of mass wasting than 
other slopes, primarily as a result of receiving more redistributed snow. 

Differential solar radiation receipt is a critical factor controlling snowmelt and 
evaporation rates, and plays an integrated role with snow accumulation and 
distribution in determining the relative intensity of geomorphic action on varying 
slope aspects. 

Slope aspect measurements and statistical analysis reveals a significant difference in 
the frequency with which south-facing claystone slopes retain higher mean slope 
angles than their uniformly-composed and structured, north-facing counterparts. 
This indicates the presence of an established spatially-varying weathering regime 
which is most likely related to year-round differential solar radiation receipt. Winter 
observations of differential snowmelt and erosional intensity support the observed 
diversity in long-term slope form evolution. 

Suspended sediment samples show that near-equal amounts of materials are 
removed during rainfall and snowmelt runoff episodes, per unit volume of water 
leaving the watershed. Due to the partial area contribution of runoff and sediment 
during chinook runoff, however, it would be expected that sediment yields should 
decrease during winter runoff. As the data does not reflect this assumption, it is 
likely that a higher percentage of material is entrained from rill zones in winter, to 
“compensate” for the expected reduction. This view is indirectly supported by the 
widespread presence of frost and frozen materials in and around rills, which 
probably increases normal sediment production through frost heave loosening. 
Large spring sediment yields were not recognized during the 1981-1982 field 
season, due to the lack of final, substantial melt episode of the total season 
accumulation of snow. Instead, chinook interference provoked a number of smaller, 
yet effective mid-winter runoff and sediment transport events. This is likely a 


seasonal characteristic in the badlands, as evidenced by long-term meteorological 
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records that show a repetitive occurrence of southwest chinook winds during 


winter. 


5.2 Conclusions 

The results of this research yield a number of conclusions concerning the 
interrelationships among snow accumulation, distribution, melt, infiltration, runoff, and 
badland geomorphology. Because this study represents an initial appraisal of the role of 
snow and snowmelt, the results raise questions which merit further attention. 

Regarding the relationship between snow accumulation and geomorphology, it is 
concluded that sufficient quantities of snow are typically available in the badiands to 
maintain a year-round continuity in moisture input and geomorphic activity. This is evident 
despite the larger than average amount of snow received during the 1981-1982 field 
season, and is indicative from the 27-year snow accumulation records of the AHRC 
weather station. As acknowledged earlier, however, the overall geomorphic impact of 
snow is reduced in comparison to rain, due to the smalier frequency of melt episodes 
relative to the number of summer rainstorms, and, because normally three-quarters of the 
mean annual precipitation falls as rain. 

The primary effect of snow distribution in the badlands in terms of 
geomorphology, is the establishment of preferential snow accumulation and redistribution 
areas, which ultimately results in the creation of spatially non-uniform zones of effective 
moisture input and erosion. Variations in snowmelt rate, caused by differential solar 
radiation receipt also alter the spatial homogeneity of these two regimes. However, the 
badlands are uncer the influence of differential radiation receipt all year round, and winter 
observations of snow depletion generally adhere to the expected summer-time moisture 
variations (e.g., quicker desiccation of south slopes, slower melt and infiltration of north 
slopes). Therefore, although differential radiation causes spatial variations in badland 
moisture and erosion regimes (as evidenced by slope angle measurements, and differential 
mass movement on claystone slopes in winter), it does not cause a significant change of 


the established alteration from one season to the next (warm season to cold season). 
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It is therefore concluded that the major difference in erosion and moisture 
characteristics of badland materials between winter and summer seasons lies in moisture 
variations Caused by snow redistribution. Specifically, the unbalanced distribution of the 
snowcover whereby rills, gullies, and slope bases retain significantly larger snow reserves 
and deeper infiltration depths than slope faces, is the key seasona/ difference in badland 
moisture input and geomorphic development. During winter, the “normal” rate of 
interfluve denudation lags behind the “normal” rate of rill and slope base erosion, resulting 
in a year-round degradation in these latter areas, but aretarded rate, or, what may be 
termed ‘partial-season’ slope denudation. 

A major question arising from this conclusion concerns the amount of variability, 
or, the extent to which retarded slope erosion is present in winter. The question remains 
unanswered, and may thus serve as a focus of continued winter research in the badlands. 
Recommended methods of investigating this diversity in seasonal-spatial erosion rates 
include intensive suspended sediment sampling of runoff emanating from plot-size slopes 
under rainfall and snowmelt. Additionally, a means of monitoring and correlating the 
average depth of rill and interfluve erosion on a given slope or slopes under rainstorm 
conditions should be established, with results compared to average depth reductions 
measured under a number of snowmelt episodes. 

Suspended sediment sampling of piot sites may additionally aid in determining the 
degree of influence of preferential frost heave in rill zones, but physical measurements, 
and close-up, sequential photography of selected rills would also improve this 
investigation. These suggestions may help quantify winter-time erosion estimates 
according to source areas, and should be used in conjunction with a more intense 
suspended sediment sampling scheme at the main channel outlet during chinook runoff 


periods. 


swiziomet 
| gpurtiont nl cot anqeaes yer 
art to niaitvdiwalb besng 


290988) wone vee sl yitnadr 
oraltad ch acns ia? ib snore you ot aia 
10 wie? ermmort arit ; | 
onijived) .noizo 1 sesd aqola tre Hit toerer" 
gd yarn tariw vo afer E 

= »senet 
ymhrianey lo tiforns ec? empanos-nolauionod wi 
eniaio\ Motzeup oiT  elw.nl ineeeng 2 olson ego 

abngibad ar) oi iovseee7 Yetniw.beurines 10 avoobe es 89782 at sewarsn 

aeigt moreo78 initnge-lanoessand yiletevib awl omiagiizevin aor | 
aeqolé e1:2-tolg mot ynitenarts Mequato eRe ~~ 
(ch sence be @ribetingm to ensem B.vlisnditibbA  Jemweors baw tisiinin-Webeu 
MOT AS aby LeduIs Io Oqale Navid s NoNolzeIs evultyeini brs lin toritgeb eparave 
ennvauben riqeh sos wve of beanies atlas riiw bertsidsree ad blvera enaitibnos 
aeboegs tamwons 10 Yedmun a abeu baweEeM 

2) grow reteb ov bis ylanoitibbe yer arietald to prilqmse themibes bebnsqgue 

SVM W20r Sa vigQJiud eaeox Hw eveert reort Ininaraterg to ssceuttn Toesrgeb | 
ant svo"Qe™ Opis bhtow ality batosiea to yightoorodd launeupee: qu-asolobaa | 
2O18TVoo Noo amhmaicw-y lingup qled yer snoitzepgue szenT .noiapiizevn 7 
SAvif7 0 S2ort & rtiw holtenwinos Mi beew od blvors bes ese eo1dee of grab won 
Henw) dome) senuty teltuo ssqnartoinian arthre emerioe oriigrnae tnettiber bebnaqaut | 
7 


a at mae Sari) 
i me oa 
ee 2 


References 


Adams, W.P. 1976. Areal differentiation of snowcover in east-central Ontario. Water 
Resources Research, \2 (6) 1226-1234. 


American Geological Institute. 1976. Dictionary of Geological Terms. Revised Edition, 
Anchor Press/ Doubleday, Garden City, New York. 


American Geological Institute. 1980. G/ossary of Geo/ogy (2nd Ed.), R.L. Bates and J.A. 
Jackson (eds.), Falls Church, Virginia. 


Anderson C.H. and Bisal, F. 1969. Snow cover effect on the erodible soil fraction. 
Canadian Journal of Soi! Science, 48, 287-296. 


Anderson, E.A. 1972. Techniques for predicting snow cover runoff. WMO-2: 
Forecasting Runoff, International Symposia on the Role of Snow and Ice in 
Hydrology, 30 p. 


Anderson, E.A. 1978. Streamflow simulation models for use on snow covered 
watersheds. In Modeling of Snow Cover Runoff, S. Colbeck and M. Ray (eds.}, 
U.S. Army Cold Regions Research and Engineering Laboratory, Hanover, New 
Hampshire, September 26-28, pp. 336-350. 


Ashwell, |.Y. 1968. Studies of the chinook at Calgary: a progress report. 7he A/bertan 
Geographer, 4, 45-47. 


Atkinson, T.C. 1978. Techniques for measuring subsurface flow on hillslopes. Chapter 3 
in: H///s/ope Hydrology, M.J. Kirkby (ed.), John Wiley Interscience, Chichester, 
o7t2U: 


Bagnold R.A. 1941. 7he Physics of Blown Sand and Desert Dunes. Methuen, London, 
265 p) 


Barendregt, R.W. and Ongley, E.D. 1979. Slope recession in the Onefour Badlands, 
Alberta, Canada: an initial appraisal of contrasted moisture regimes. Canadian 
Journal of Earth Sciences, 16 (2), 224-229. 

Baver, L.D. 1956. So// Physics, (3rd Ed.), John Wiley and Sons, New York, 489 p. 


Baver, L.D., Gardner, W.H., and Gardner, W.R. 1972. So// Physics, (4th Ed.), John Wiley 
and Sons, New York, 498 p. 


Beaty, C.B. 1972. Geographical distribution of post-glacial slumping in southern Alberta. 
Canadian Geotechnical Journal, 9, 219-224. 


Beaty, C.B. 1975. Coulee alignment and the wind in southern Alberta, Canada. Geo/ogica/ 
Society of America Bul/etin, 86, 119-128. 


Beaty, C.B. 1976. Landscapes of Southern Alberta - A Regional Geomorphology. 
University of Lethbridge Production Services, 95 p. 


Benedict, J.B. 1970. (in Thorn, 1979). Downslope soil movement in a Colorado alpine 
region: rates, processes, and climatic significance. Arctic and A/ pine Research, 2, 
(655220; 

Bengtsson, L. 1982. Groundwater and meltwater in the snowmelt induced runoff. 
Hydrological Sciences Journal, 27 (2), 147-158. 


232 


- 
a ye A\ 


a Pot a 


vera? een le ¥ ; ae 1 i) hi , ne > or i rw 4 irs au 
ot) a=. i ard ak ine ya an 
Hotes heaw sr bean | “ bed ee dca! eee BON ws 


tnt actgolo 


wire gut 
hese Bee austen eae con : 
neitoart log sidibore ee KBs eb: qavoo WONe "ica No b218) be +H. 


Ai hon tan me) ba bate | 


>OMW Pion 
i al bre word te 


9 ort? no “ls ny 
ws Cle S <a wine ae 


bewVO? WwoNne ne egy" 
Lebel val Mobs dnadiad .2 ‘ow 
we yevondA yrote rode J rr 


pce tamhah wT? 


NateliA oT ogeT seBTgeNge : (ho 0 orto 1 


‘wie .ceonmelhri ne welt esstuedue 
Yeieenirt eoneime ein yall arta EON LM eyGOleN ALM “uokewoy 990 


Ae 
nakne.! csurtiol taut iegeG bee seed nwolk toesiewl9 ett set apenas . " 
a an _ : 
‘oosihnS wotenO ei ynovssane, eqol2. ever 0.3, See tec 
Me VAO8 cermin hea beteay 
esrass ‘Sat, i; 
* bots REL ES bei FON 
7 2hs wy wert enoe one yaliW rrtok Lesa ond antes Woe 3eer ae ; 
yee rir iba (Wh), é Svan Vid, ver A. wy serbud uae A. a eran... ; 
aneY wet 
arena reustues rm viesiviidenpsicesiichea wena i, 
HLS-OT Se \eeruel leo 8. 
\soygelae® shear ghedlA merttuce ni briw ert? brie selucd ever .a.9 vied 
BSI-RT 1 08 wise \wB solvers to-vieive2 5, a 
yQolonn sxnosd lenoleeh & <ehed\k reiued to riety BT! BD .yvise@ : 
4 88 .pecivs2 noifqubo4 ioyieown 7 - 


Torun gaol FF c wilem bra winwbeuod®) SSE J noeengned — 
oo Bet a AS) SS Neral cnche wagon : al 


SEs 


privet Akl nie vik A ethan yn moat ni) OCEF ..L as 
A SVAN AVY Pe ea aclings ina srannit bes 202889074 ac 


~ ey 


233 


Beskow, G. 1935. (in Williams, 1957 and Schumm, 1964). Tjalbildningen och 
tjallyftningen med sarskild hansyn till vagar och jernvagar. (Soil freezing and frost 
heaving with special application to roads and railroads). Sveriges Geo/ogiska 
Undersokning, Meddelande, 48 (375), 142 p. 


al ie 1964. What is watershed runoff? Journal of Geophysical Research, 69 (8), 
Miaib52% 


Betson, R.P. and Marius, J.B. 1969. Source areas of storm runoff. Water Resources 
Research, 5, 574-582. 


Beven, K.J. and Dunne, T. 1982. Modeling the effect of runoff processes on snowmelt 
hydrographs. In: Rainfa//Runoff Re/ationshi ps, V.P. Singh (ed.), Proceedings of 
the International Symposium on Rainfall-Runoff Modeling, Mississippi State 
oad May, 1981. Water Resources Publications, Littleton, Colorado, 

-284. 


Beven, K.J. and Kirkby, M.J. 1979. A physically based, variable contributing area model 
of basin hydrology. Hydrological Sciences Bul/etin, 24 (1), 43-69. 


Bird, J.B. 1967. (in French, 1976). 7he Physiography of Arctic Canada. Tne Johns 
Hopkins Press, Baltimore, 336 p. 


Blackwelder, E. 1940. The hardness of ice. American Journal of Science, 238, 61-62. 


Brinkmann, W. 1969. The definition of the chinook in the Calgary area. Unpublished 
M.Sc. Thesis, University of Calgary. 


Brinkmann, W. and Ashwell, |.Y. 1970. The structure and movement of the chinook in 
Alberta. In: Weather and C/imate, J.G. Nelson, M.J. Chambers, and R.E. Chambers 
(eds.), Methuen, Toronto, 241-250. 


Brown, G.W. 1962. Piping erosion in Colorado. Journa/ of So// and Water Conservation, 
17,2205222; 


Bruce, J.P. 1962. Sriowmelt contributions to maximum floods. FLastern Snow 
Conference, Proceedings of the 1961-1962 Meeting, February 9-10, 85-103. 


Bruce, J.P. and Clark, R.H. 1966. /ntroduction to Hydrometeoro/ogy, Pergamon Press, 
Oxterdas.9.p: 


Bryan, R.B. 1979. The influence of slope angle on soil entrainment by sheetwash and 
rainsplash. Earth Surface Processes, 4, 43-58. 


Bryan, R.B. and Campbell, |.A. 1980. Sediment entrainment and transport during local 
rainstorms in the Steveville Badlands, Alberta. Catena, 7 (1), 51-65. 


Bryan, R.B. and Campbell, |.A. 1982. Surface flow and erosional processes in semi-arid 
mesoscale channels and drainage basins. Recent Development in the Explanation and 
Prediction of Erosion and Sediment Yield, /ASH Pub/ication, 137, Proceedings of 
the Exeter Symposium, July, 1982, 123-133. 


Bryan, R.B. and Campbell, |.A. 1984. Runoff generation and sediment transport in a 
semiarid ephemeral drainage basin. Manuscript submitted to Ze/tschrift fur 
geomor pho/log/e. 


Bryan, R.B., Yair, A., and Hodges, W.K. 1978. Factors controlling the initiation of runoff 
and piping in Dinosaur Provincial Park badlands, Alberta, Canada. Ze/tschr/ft fur 
Geomor phologie Supplement Band, 29, 151-168. 


Buckham, A.F. and Cockfield, W.E. 1950. Gullies formed by sinking of the ground. 
American Journal of Science, 248, 137-141. 


? 
i ’ 
a Mi > him “sae 


arilsboM Riese ts 
. va es PN tah tlle adh pide 77 7 
BAS: ee autish & et e ot get? ald y 
2» 


a 7 sri d, y Jy d 
ae ? 

a" ay ey ee pea 3 

eae | . ; nt = % ‘ ~~ - jf wee 


letra? 2018 peitucnaS sidatRy one. I ; b enaindihy ar 
#2 Ee 1) BS a \tel WB apoNeloe \orbyls, .yolerbyr 


manok eff .apered o\touk te AQaiaN ~, ry! ve | ie 


at hes on : “el en A - : 
e168 BES a sane tea a eo ji 
SF . 
borisiiaaal ceo ace) ee T V AACS 


rit. 
é wo ' 
m A500 act? 16 wasndcalea a ae ee vr 


preci) 9 4 bee ered LM noalet 2.0 Si NN9 BAB 8796 ir 


a 


My 
Wie PRENES Vero W bne Vig vo lenawel 5, aoe seer 1.0 
NOP as aboot? mumixam: of enoifudnirias Hemwone. . eat aide 7 
S0f-03 Oi -e lag eritaaM Sat -f BET ESO SSRN 
J a : 


20054 foarte? ren loloe amy a Bolraulaantin\ MRE: v4 
som ».Q 


bis losw rows yo enewetine lie Me.elgte egola to a See { GA 
Bas Non saaeceh aces aes 


lenut yniwn Dedenny See inencianneInemnibse ab Adie acer bos 8.8 oer 


'S-'@ TPS weed .ehedia . 


big~nies nf aserecotg encom here welt anette. sae! eptpentty ta Sore. ay 


wan Anitehaiead ort : 1 THenQolwved InmaeA eriesd epenis 


te 2pribesso er novel kid bY ae ramon —) 
EET est tate 


£1 Doane Themibae brs qoteeneg HoanwA ABEL Ad) bre nays 
we | ry cht nS Of battindua Doron, (ese eperue th ) 7 


sana sok 
i lo sou adt a 
ne a ccleran 2 Saas ai aa ees a 
t-rat es asprin tina : 
bron rt Fo grid Ne awa? 3 jaa 7 


234 


Budel, J. 1953. Die "periglazial” morphologischen Wirkungen des Eiszeitklimas auf der 
ganzen Erde. Erdkunde, bd., 7, 249-266. 


Buffo, J., Fritschen, L.J., and Murphy, J.L. 1972. Direct solar radiation on various slopes 
from 0 to 60 degrees north latitude. U.S.D.A. Forest Service Research Paper, 
PNW-142, Portland, Oregon, 74 p. 


Byrne, P.J.S. and Farvolden, R.N. 1959. The clay mineralogy and chemistry of the 
spedae Formation of southern Alberta. Research Counci! of Alberta Bul/etin, 4, 
ane 


Campbell, |.A. 1970. Erosion rates in the Steveville Badiands, Alberta. 7he Canadian 
Geographer, 14, 202-216. 


Campbell, |.A. 1974. Measurements of erosion on badland surfaces. Ze/tshrift fur 
Geomorphologie Supplement Band, 2t, 122-137. 


Campbell, |.A. 1978. Local storms and sediment yields in the Steveville Badlands, Alberta. 
In: Essays on Meteorology and Climatology: !n Honour of Richmond W. Longley, 
Studies in Geography, Monograph 3, Department of Geography, University of 
Alberta, 27-39. 


Campbell, |.A. 1981. Spatial and temporal variations in erosion measurements. Erosion 
and Sediment Transport Measurement, /ASH Pub/ication, 133, Proceedings of the 
Florence Symposium, June 1981, 447-456. 


Campbell, |.A. 1984. The partial area concept and its application to the problem of 
sediment source areas. Proceedings of the International Conference on Soil Erosion 
and Conservation, Honolulu, Hawaii. (manuscript). 


Campbell, |.A. and Honsaker, J.L. 1982. Variability in badiands erosion; problems of scale 
and threshold identification. In: Space and Time in Geomorphology, C.E. Thorn 
(ed.), The Binghamton Symposia in Geomorphology, International Series 12, 59-79. 


Chebotarev, N.P. 1962. Theory of Stream Runoff. |\zdatel'stvo Moskovskogo 
Universiteta, Israel Program for Scientific Translations, Jerusalem, 46-51. 


Churchill, R.R. 1981. Aspect-related differences in badlands slope morphology. Anna/s 
of the Association of American Geographers, 71 (3) 374-388. 


Colbeck, S.C. 1974. Water flow through snow overlying an impermeable boundary. 
Water Resources Research, \0, 119-123. 


Collins, E.H. 1934. Relationship of degree-days above freezing to runoff. 7ransactions 
of the American Geophysical Union, 15, 624-629. 


Connell, D.C. and Tombs, J.M.C. 1971. The crystallization pressure of ice - a simple 
experiment. Journal of Glacio/ogy 10, 312-315. 


Davar, K.S. 1970. Peak flow-snowmelt events. Chapter 9 in: Handbook on the 
Principles of Hydrology, D.M. Gray (ed.), Research Council of Canada, 9.1-9.25. 


Diamond, M. 1953. Evaporation or melt of snowcover. U.S. Snow, /ce and Permafrost 
Research Establishment, Research paper, 6, November, 1953. 


Dickinson, W.T. and Whiteley, H.R. 1972. A sampling scheme for shallow snowpacks. 
[ASH BUIVETA, V7, 43), 2472208, 


Dickison, R.B.B. and Daugharty, D.A. 1978. A square grid system for modeling snow 
cover in small watersheds. In: Proceedings, Modeling of Snow Cover Runoff, S. 
Colbeck and M. Ray (eds.), U.S. Army Cold Regions Research and Engineering 


“iene 
Fn tah tives ON 


won nondat 


Vi Mevwkas\e'. .eeastue Onalbeds 


ane) “ac 


—— 
F fre chagiiheaS olivevere aes arr pro asi 
oh W naemAgin No wana a -“uelc ern ) On iM rca pay VG, 
© viee*evatl yfige posed: to won nly dies. wares. tt 
vet 2 ol >. 2 


; Pi ee @ a os 
aa That ome cieeeg be 
aees e Atwuraee 


te magitiotg writ of aoltecilage 23 brs 146909 3 r aq any, bOCT iM 
mie O2 fo sore -eifed Isnoterialal ort 


OEREER, MENTS mn atet gaNOS 

ahige to a7 eidess como; ehemieedal ,888f JL, : , 
chow? 3.3 yp c\o\qnorgeehel sell baw eteqe-al motte: 

OF - p2 Zt earner notsnwinl. mi BiROgmYe. 


mooi 2oM evia lela Woah oveew2,o*post) Seer 


A = ~ 


e303 zene woearn NokOow 
aft 'o egribeasar .CEt NOUBA ¥ 


(6 Ob elecuiml 2nonamnaTt offing 6} mangos? lee! Slenaininy ” 
Seu ypeionqvo™ agate eunsibed nlasoneattit botalertosqeA, . | _ 
“BLE IE) PT SNSENQOND NETTIE, NO: Sie eee 
VAONL Ou sidasnimnagry cnpligieva ian wol? wisw “69@r. » a 
ES1-BtT 0) Aovnseeh een waa, 
ZAdi anes) Por ot ogipenrt sons ete tae 
etonte’e 81 ine a 
srxPnie §- o)4o wee hei (TEr O.MAL peat ore. a 
.SPESTE OF yyololant to lene 


oo On Aen 2m 


= 


wih oo howe be 


SS. 2-1. abere. to \cewol fomeker a) iM. 7 + ; 

f 

TR) Veeriw le 9h) A, 2) oveowens fo diene. as 
FSET osdenevolt 2 eanq domager 


2ATRhONE wolleas SOT amare gniinas A: Ngee 


won poleborn 12? 
e Roni MG) aot 
Qamwenions bre 


235 


Laboratory, Hanover, New Hampshire, September 26-28, pp. 71-76. 


Dirksen, C. and Miller, R.D. 1966. Closed-system freezing of unsaturated soil. So// 
Science Society of America Proceedings, 30, 168-173. 


Dodson, P. 1970. Sedimentology and taphonomy of the Oldman Formation (Carpaiean) 
Dinosaur Provincial Park, Alberta. Unpublished M.Sc. Thesis, University of Alberta. 


Dreibelbis, F.R. 1949. Some influences of frost penetration on the hydrology of small 
watersheds. 7ransactions of the American Geophysical Union, 30 (2), 279-282. 


Dunne, T. 1978. Field studies of hillslope flow processes. In: H///s/ope Hydro/ogy, M.J. 
Kirkby (ed.), Wiley and Sons, Chichester, 227-294. 


Dunne, T. and Black, R.D. 1970a. An experimental investigation of runoff processes in 
permeable soils. Water Resources Research, 6, 478-490. 


Dunne, T. and Black, R.D. 1970b. Partial area contributions to storm runoff in a small New 
England watershed. Water Resources Research, 6, 1296-1311. 


Dunne, T. and Black, R.D. 1971. Runoff processes during snowmelt. Water Resources 
MeSsearch 7 AiO | ihe: 


Dunne, T., Price, A.G., and Colbeck, S.C. 1976. The generation of runoff from subarctic 
snowpacks. Water Resources Research, 12, 677-685. 


Dyunin, A.K. 1967. Fundamentals of the mechanics of snow storms. In: Physics of Snow 
and /ce,H. Oura(ed.), Proceedings of the International Conference on Low 
Temperature Science, I (2), Hokkaido University, Sapporo, 1065-1073. 


Embleton, C. and King, C.A.M. 1975. Perig/acia/ Geomorphology. Edward Arnold, 
Londons 203 pb. 


Emery, K.0. 1947. Asyrnmetrical valleys of San Diego County, California. Bu//et/n of the 
Southern California Academy of Science, 46,61-71. 


Engelen, G.B. 1973. Runoff processes and slope development in Badlands National 
Monument, South Dakota. Journal of Hydro/ogy, 18, 55-79. 


Environment Canada. Month/y Record: Metero/ogical Observations in Western Canada, 
Downsview, Ontario, Volumes Covering Years 1969 to 1981. 


Environment Canada. 1973. Snow Surveying. (2nd Ed.), Manual of Standards / Snow 
Surveying Procedures. Toronto, Ontario, 20 p. 


Environment Canada. 1975. Canadian Normals: Wind 1955-7972., Vol. 3, Downsview, 
Ontario. 


Environment Canada. 1982. Canadian Climate Normal/s: 1951-7980. Temperature and 
Precipitation - Prairie Provinces, Downsview, Ontario. 


Environment Canada. 1982. Canadian C/imate Norma/s: Temperature 1951-1980., Vol. 
2, Downsview, Ontario. 


Environment Canada. 1982. Canadian Climate Norma/s: Precipitation 1951-1980, Vol. 
3, Downsivew, Ontario. 


Environment Canada. 1982. Canadian Climate Normals: Wind 1951-1980, Vol. 5, 
Downsview, Ontario. 


Faulkner, P.H. 1970. Aspects of channel and basin morphology in the Steveville Badlands, 
Alberta. Unpublished M.Sc. Thesis, University of Alberta. 


iWnrven he ‘bye edt no 
SBR-RTS 15) GE woinkbte ' \ .aberk 
WA ont wo Soaebutetlet 
Moya iva aq0 leh plete tolesiuse bier) Oe er 
EER acai 
mW paezenoig Hon to scituotagyn emerea: Ah ver .G 3 soal bn 


7 a 


Palace > 
vvevl Herma 6) Moe move ania eee corel a. 
tétraest 6 3 ' 


- : 1? o 
SOUNES “aM A /uenwona grind aaeaaanng ech ive 


onan 0a 
wherkdes moat Honus Vilage r= <8 at ne mh a 
> | ihe v| i 
wend to m\swi ot annote wong yfesiadonh Geb 1a eos 


we] to aonerstned lgnovannathl ert to, 
EVO! -880! .c1mgged \hereviel AS) 1 ss 


blonsA brewed AYO LONG ORS welon gine ever MAS, et be 
a 
7 ore rf _ 


eAG iO ASS 3 sioiiely il yi to  Byellny Isorterrunyed:. 
(T-13.0a ee \eD: 


writes pity aw pera mag tT ever 
“ar “ce Sf REAAEN YO \eryywol, 


Ties Bato 
eUMiG.) areas W ni srelewo2d) | 22 \Q0\nete. anon aes pe ee 


‘Skt of ABET atmey penrevod eerrusioV orn .weiverwod 


we et mbeat2 16 une |.b2 bas) QniNAuR won exer sbankd Maemo veal 
a0S .oramd .amomt pura sah 


LF 49 ae 
agivanwet) £ foV GSO Bet wal <a\eraioll envoaned ENG? sdinsecd joanne 
Oh atn® 
i Te eare” ORB T-[Sey «2 lero spaall> asians SB6T ; : 
ORIN .weiverwod eeonivayS eiiiers - . 
oo) @ § +s 


loV GE? -18@1, su eamarest aaslieeictin bhatt $8 peep 


Lae 2 


IOV G22) Sole lav selene ele nethennd Seer woderde 
Seidbleed 


pager 


2 .lov WRG -7827 OA Cele oten il natsene’d see Sedna 
| ae 
eormined eiliravare etal vgctagor ctuad tre tena a 


236 


Ffolliott, P.F. and Hansen, E.A. 1968. Observations of snowpack accumulation, melt, and 
runoff on a small Arizona watershed. U.S.D.A. Forest Service Research Note, 
RM-124, 7 p. 


Fitzgibbon, J.E. and Dunne, T. 1979. Characteristics of subarctic snowcover. 
Hydrological Sciences Bulletin, 24 (4), 465-476. 


Fletcher, J.E., Harris, K., Peterson, H.B., and Chandler, V.N. 1954. Piping. 7ransactions 
of the American Geophysical Union, 35, 258-262. 


French, H.M. 1976. The Perig/acial Environment. Longman Group, London, 309 p. 


Gardner, J.S. 1969. Snowpatches: their influence on mountain wall temperatures and the 
geomorphic implications. Geografiska Anna/er,51A, 114-120. 


Gary, H.L. and Coltharp, G.B. 1967. Snow accumulation and disappearance by aspect and 
vegetation type in the Santa Fe Basin, New Mexico. U.S.D.A. Forest Service 
Research Note, RM-93, 11 p. 


Gerson, R. 1971. Geomorphic processes in Mt. Sdom. Unpublished Ph.D. Thesis, The 
Hebrew University, Jerusalem. 


Golding, D.L. 1978. Calculated snowpack evaporation during chinooks along the eastern 
slopes of the Rocky Mountains in Alberta. Journa/ of Applied Meteoro/ogy, 17, 
1647-1651. 


Goodison, B.E. 1978. Comparability of snowfall and snow cover data in a southern 
Ontario basin. In: Proceedings, Mode/ing of Snow Cover Runoff, S. Colbeck and M. 
Ray (eds.), U.S. Army Cold Regions Research and Engineering Laboratory, Hanover, 
New Hampshire, September 26-28, pp. 34-43. 


Goodison, B.E. and McKay, D.J. 1978. Canadian snowfall measurements: some 
implications for the collection and analysis of data from runoff stations. Western 
Snow Conference, Proceedings of the 46th Annual Meeting, April 18-20, Otter 
Rock, Oregon, 48-57. 


Granger, R.J., Chanasyk, D.S., Male, D.H., and Norum, D.I. 1977. Thermal regime of a 
prairie snowcover. So// Science of America Journal, 4l, 839-842. 


Gray, D.M. 1970. Snow hydrology of the prairie environment. Proceedings, Workshop 
Seminar on Snow Hydro/ogy, February 28-29, 1968, Queen's Printer of Canada, 
Ottawa, 21-33. 


Gray, D.M. and Others. 1978. Snow accumulation and distribution. In: Proceedings, 
Modeling of Snow Cover Runoff, S. Colbeck and M. Ray (eds.), U.S. Army Cold 
Regions Research and Engineering Laboratory, Hanover, New Hampshire, September 
26-26, DD.c.04: 


Gray, D.M., Steppuhn, H.W., and Abbey, F.L. 1979. Estimating the areal snow water 
equivalent in the prairie environment. Paper Presented at the Canadian Hydrology 
Symposium 79, Cold Climate Hydrology, May 10-11, 1979, Vancouver, 19 p. 


Hack, J.T. and Goodlett, J.C. 1960. Geomorphology and forest ecology of a mountain 
region in the central Appalachians. U.S. Geo/ogica/ Survey Professional Paper, 
347, 66 p. 


Hadley, R.F. 1961. Some effects of microclimate on slope morphology and drainage 
basin development. U.S. Geo/ogica/l Survey Professional Paper, 424-B, B32-34. 


Hasholt, B. 1972. Random sampling techniques applied in measuring snow water 
equivalent in a drainage basin. WMO-1: Measurement in Space and Time,, 


} 
= 79 
we . 


i i wet fee 
brs. : ’ Aponte om ne ee a 
~ faint beadl : 1 oo ar) 
> @& 
Pe, ea ¢ a 
* alee hee oe 
a eta 7 — ; 
PO TEHTES T pg , ces ohe ye! > ee _— ew ae“ WA a 
_ igi : ! miasrin jes = 
GEOE. nobriod quer abt hrc pjpaed WAQHES OF ONS 


Gee Ace ae yo 
act ote voummragne?: law rieimuom no eoneuitnl vert -zertstaqwon &, ser . 
SIRE ARS Hoy bates idee re hee . 
. i mie a : _ : . - 
bre Ineqea yd sone weqqeelb brs N6€ LF ata Aabs innghahtdotredend 
WAV suBr04 ALAM Sole y ' Seas Aiea Male brat p 


_ 7 , 
a 


ei? cieac? 0.05 persiduqnd meses ea2800" | Sieg 


Mar agchaid eerchi  Wagwane betel 
CgieceeW sel qq V0 NonwOu a nhenieiisoly 

of “ is 
a4 60'| ). Gomaruaas 

Vie tity 12 8 % aime TavoD eins yn tora te HC rer = 
ivi orte ne > Sori Bb mer \e Seanez , 
‘ovawieH .y oi ade Qniteant bre rvthecat, alia! A bIOD ¥ 

Cabs, aq 88-8 jase ivieg 


Sane aineme wegen lelwone nmibang Ter Ld yao t uP 
bre soboehod ert va} GAS 


aetacW .angiate Vonwt movi slats To siaylans bag, 
weit OSS! linaA QS ROA EGS GOR TO SRNR Ys 


‘* 


a! 
> a 


ia . » 


oe es hos 


8 tc amines lermeriT where 1. runeb bine HAO ele) 22/0 3 earise 
SA8-CbB AWA, 3 HARTA Yo sonalae \ce Jyavoowe 


ered OW. 2601 cesca 7 Jreeninigivere si wararertt to: ypolertoyrt wand i. 
Soeel oO wind oe nmenD See SBS ys yey Ke? YQo\ovOYA on Na - 


ganibeson 4 i .noimeabtaib bess hubiokananian Aurore aver. veriGbee 
bind yr 2.0 (eee) yo Une Aneniod Ge Monutrseved wond sos 
TRdNetges vewiegrme well evornsh .~wonnodad Qriteenipnd baa 


bal _ 


19S wona igeve ort oniternite? ATT 4. vedi bie Witindeegee 
YOO bye ube off ta SalnaaeyS 1eqe4 Jnemnodyrie sa 808 ek 


We! wruoconsY STA! |t sOT yah .ygolowovH atamila 


a 
mkinwor 4 to ypoloow Jeent bra ygaloriqnamoe® 086... dislbooo brs / ar 
NLC. Ween eaowt yruwit, Watgets: 2A) nie at 7 
Vos 0 —_ 
opi tw One yootorig ian No sterioouain fo atsela | | : 7 


| be CES AP aRe. neqn% (en yevnd Welgahn 2s 


“Siew wore QM 
AT We woes 


237 


International Symposium on Measurement and Forecasting, 6 p. 


Heede, B.H. 1971. Characteristics and processes of soil piping in gullies. U.S.D.A. forest 
Service Research Paper, RM-68, 13 p. 


Heim, A. 1885. (in Teichert, 1939). Handbuch der G/etscherkunde. Stuttgart, 286 p. 


Hendrick, R.L., Filgate, B.D., and Adams, W.M. 1971. Application of environmental 


es to watershed snowmelt. Journa/ of App/ied Meteoro/ogy, 10 (3), 
418-429. 


Hendrie, L.K. and Price, A.G. 1978. Energy balance and snowmelt in a deciduous forest. 
In: Proceedings, Mode/ing of Snow Cover Runoff, S. Colbeck and M. Ray (eds.), 
U.S. Army Cold Regions Research and Engineering Laboratory, Hanover, New 
Hampshire, September 26-28, pp. 211-221. 


Hewiett, J.D. and Hibbert, A.R. 1967. Factors affecting the response of small 
watersheds to precipitation in humid areas. In: Forest Hydro/ogy, W.E. Sopper and 
H.W. Lull (eds.), Pergamon, Oxford, 275-290. 


Hillel D. 1980. Fundamenta/s of Soi/ Physics. Academic Press, New York, 413 p. 


Hinman, W.C. and Bisal, F. 1968. Alterations of soil structure upon freezing and thawing 
and subsequent drying. Canadian Journal of So// Science, 48, 193-197. 


Hodges, W.K. 1982. Hydraulic characteristics of a badland pseudo-pediment slope 
system during simulated rainstorm experiments. In: Bad/and Geomorphology and 
Piping, R. BryanandA. Yair (eds.), Geo Books, Norwich, 127-151. 


Hodges, W.K. and Bryan, R.B. 1982. The infiuence of material behaviour on runoff in the 
Dinosaur Badlands, Canada. In: Bad/and Geomorphology and Piping, R. Bryan and 
A.Yair (eds.), Geo Books, Norwich, 13-46. 


Hogg, S. 1978. Near surface hydroiogy of the Steveville Badlands. Unpublished M.Sc. 
Thesis, University of Alberta. 


Hoover, O.H. 1948. Effects of chinook (foehn) winds on snow cover and runoff. 
International Union of Geodesy and Geophysics, General Assembly at Oslo, /ASH 
Publication, 2, 86-100. 


Horton, R.E. 1945. Erosional development of streams and their drainage basins: 
hydrophysical approach to quantitative morphology. Geo/og/cal Society of America 
Bul letings6.2 705500; 


Hudec, P.P. 1973. Weathering of rocks in Arctic and Sub-arctic Environment. In: 
Proceedings of the Symposium on the Canadian Arctic, J.D. Aitken annd D.J. Glass 
(eds.), University of Waterloo, Waterloo, Ontario, 313-335. 


Hutchinson, B.A. 1966. A comparison of evaporation from snow and soil surfaces. 
/ASH Bulletin, 11 (1), 34-42. 


lves, R.L. 1950. Frequency and physical effects of chinook winds in the Colorado High 
Plains region. Anna/s of the Association of American Geographers, 40 (4), 293-327. 


Jones, A. 1971. Soil piping and stream channel initiation. Water Resources Research, 7 
(3), GO2-6 1G. 


J-Tec Associates, Inc. 1978. Wind Speed and Direction Sensor: /nstruction Manual for 
the Model VA - 320-2-1 Anemometer, J-Tec Associates, Inc., Cedar Rapids, lowa. 


Justus, C.G. 1978. Winds and Wind System Performance. The Franklin institute Press, 
Philadelphia,. 120 p. 


~~ 


on Sh. ee 


Papttuse ~ : - oe a 
“= 7 . 7 . ¥. Se a@ ee ; 

in? errroretse 10 s ea 7° nly MW am abA one..0.8 7% . 

Wer OT Ro orosioht t . : a) a ear tenvans nas ee 
| Oat) 

lear? syuoutpaet 6 Ls 4 i Sl NEE ge 7 © a oe 
_zbe! ve? Mons doediodD .2 Altonwh weve) wone ‘V DotA ED 

wevl ~syorre yootsrodel pnheenipn= je Plea 


wy Ac a me | oh. coy a ee = s a 
ee ceasanacgl a med 
lars 40 Bert ‘sete’ fv eeoae Bem es eg Soe leis grate aaliteah Love 
ona wegns aA! weolos ay 4 i 2807 é 


0eS+2 Nath caeeesanaall wt Darryal - 


. 


\ZtS aoY welt eas ormebesA «: 


eriwartt tram wager? rai ¢atiade ieee rary ’ 
t-€et Sh axioie® Od. Xe SiNiutA NE HENs, .ORiID 


sccm Inemibie 
Wir ee lenig —— oie ow ated ane, hhc 
r 4-TSE towel leeds: (abel wey A one o 
. i 7 ; 
ett o Porn ne worverted freien to sonaulten adit (set. / 
were - ena)% tee vRolota sored pk 


32M barisiduandJ cormiel sttvevar2-ent ho yaolorte sot well 
edd 70. ytianevind 


ian | 
‘ort, brs (aves WEda ne abn incieat) doonitis 49 efoatta aie Pie 
vag, \ cle te yichne@eeA evened) .ediavieosth oes paar 


erat opedere bet phates ii rots typed 232t 3.A wanoH 
7 ma > Weve Vea ve ovis or : 
ret Peete Bes ae wawetied 


ee mera vile anaes _ aro _- ao 10 ent 493 
s2s/>? Li be Pana L. .a\tove nealtervaD GO ty Roo 
BEEETE .oreIn® .gohemw .coheisW to yihevevind ‘Labe) 


ceoat we ioe BOR WORt MOTT hotatogave to nozhneqmos eaniriotur 
- Shae 2A G08 AM enfin 


igi obs-voIeD art nt ebriw doonite to afoetie ace bon vacuo? «00k ORT LA eal 
TSE*ERS 1b) OF everavgeed weshver to Nolte os Oo 


0 Aveeno ReuworeR Yale .nabedwl termeria mmetta rm pric hog eG 


oh Veansth nec i Shag \\0 ore ean AW .STeS onl 
awe coger “aed oeT-L \esnoranh, %- TGs ort preloce hale 
a 


22879 ehatarl oHAIMNaT aT AMER O99 ronan i an ee iF 


238 


Kennedy, B.A. and Melton, M.A. 1972. Valley asymmetry and slope forms in a permafrost 
area in the Northwest Territories, Canada. In: Po/ar Geomorphology, Institute of 
British Geographers Special Publication, 4, 107-121. 


Kind, R.J. 1976. A critical examination of the requirements for model simulation of 
wind-induced erosion/ deposition phenomena such as snow drifting. Atmospheric 
Environment, 10, 219-227. 


Kind, R.J. 1981. Snow drifting. Chapter 8 in: Handbook of Snow - Principles, Processes, 
TSR see and Use,D.M. Gray and D.H. Male (eds.), Pergamon Press, Toronto, 
aS, 


Kirkby, M.J. (ed.) 1978. H///slope Hydro/ogy Wiley Interscience, Chichester, 389 p. 


Kirkby, M.J. and Chorley, R.J. 1967. Throughflow, overland flow and erosion. /ASH 
BUIECIN, A2\S); O52eie 


Kobayashi, D. 1973. Studies of snow transport in low-level drifting snow. /nstitute of 
Low Temperature Science, Report, 231, Sapporo, 58 p. 


Koch, J.P. and Wegener, A. 1930. (in Teichert, 1939). Wissenschaftliche Ergebnisse der 
danischen Expedition nach Dronning Luise-Land und quer uber das Inlandeis von 
Nordgronland 1912-1913. Medde/e/ser om Gron/and, 75, Copenhagen, 302 p. 


Kotlyakov, V.M. 1961. Results of study of the ice sheet in eastern Antarctica. Internation 
Union of Geodesy and Geophysics, General Assembly at Helsinki, /ASH Pud/ication, 
90,7 06.99: 


Kung, E.C., Bryson, R.A., and Lenschow, D.J. 1964. Study of a continental surface 
albedo on the basis of flight measurements and structure of the earth's surface 
cover over North America. Monthly Weather Review 92, 543-564. 


Kungertsev, A.A. 1956. The transfer and deposit of snow. Geographical | nst/tute, 
Academy of Science, U.S.S.R., English Translation by: University of Colorado, 
Engineering Science Research Division, Boulder Colorado. 


Kuz'min, P.P. 1960. Snowcover and Snow Reserves. G/drometeoro/ogischeskoe, 
/zdate/sko, Leningrad. Translation by: U.S. National Science Foundation, 
Washington, D.C., 1963, 140 p. 


Landais, A.L. and Gill, BD. 1972. Differences in the volume of surface runoff during the 
snowmelt period: Yellowknife Northwest Territories. WWMO-2: Forecasting Runoff, 
International Symposia on the Role of Snow and Ice in Hydrology, 14 p. 


Larson, L.W. and Peck, E.L. 1974. Accuracy of precipitation measurements for 
hydrologic rnodeling. Water Resources Research 10, 857-863. 


Leaf, C.F. 1971. Areal snow cover and disposition of snowmelt runoff in central 
Colorado. U.S.D.A. Forest Service Research Paper, RM-66, 19 p. 


Lester, P.F. 1976. A Quantitative Definition of the Chinook in Southern Alberta. 
Environmental Sciences Centre (Kananaskis), The University of Calgary, Calgary, 
Alberta. 52 p. 

Lewis, W.V. 1839. Snow-patch erosion in Iceland. Geographical Journal, 94, 153-161. 


Linsley, R.K., Kohler, M.A., and Paulhus, J.L.H. 1958. Hydro/ogy for Engineers, 
McGraw-Hill, New York, 482 p. 


Longley, R.W. 1967. The frequency of chinooks in Alberta. 7he A/bertan Geographer, 3, 
20522" 


oe ys 
7 pe 
re line 
fanviermeg 6 i arnot eqole bas y tern 
Ve erutitent , . wal? 7: yars 
a bs a oe Tp at 7 
os A ie 7 5 
te ooitelucia rie OV OFT FO HOWSNIS: 
yhwelQnom ty, .paitthe wene ea faue seer noitieogeb 


hate We ‘ ~ fy: dns AN S-et ‘ 
a awed fe he ps Peyr* & 
mRNA, ewig \oriy9 won? Ya Tat fi iia ieee 
ainene? aans nomagyed (aise) wish’ A, ) MC x Nb 
> _—e —-> ent ee 
9 Q&S catrertoitD -scrwpiseteinl yanW'ye iS 
eo 


POd.\ ntieo-s bne wot braheve:, IY BET A 
‘| Awe cee ; 


— Hem 
Yo stutitet), .wone adidas love wot 


Oe ar 


ae on 
vat atendegrs aio etsenesaiw (GEGT erigieT ny 
moe Nien! ono yedu “sup orig t j 
4 208 Mecerveqsd .2F fone 


iL vevein 2 wo enereas nideera eoi eft Ic 
nokign iw! 2k) Jaeiateh fe vidmaeaA Inare 


4 


sont eines B16 Yous MABT Ii 
eos rue 2 rien ert do aut 


othe bre 4 
hde-EbE SE wolvar vatltesW yin 


<ayatlinns \aitqnyeee: wena tg ee 
cemnvoio. to yierevinl: pity Aoeierey 


MavAtarlye (20 OVENS cahhent wor? une 
novlebrve4 soneisd Isnoilis .2.0 -yd soifelenstT ibe ipnirte.s 


@ Oat £8e! ek «| NotQeIae ee” 


eit pr tony ast we to ow 29m euonowi hi .£Ver 9099 
‘uh GiReveic”  S4OMW \aemetimeT feawrihobl atin Y : 
gS! ~vpolovhyr ai) a1 bre wand Ib Slaf ext! No Bleogmye y 


eT, 54 eee 
wt 2insrewoRern Hotetiqineg Td yoe Laas " 3 A084 
£aB-TSs .Or etn A ive hr sean oth 


latires mw tomy flemnwere to mo eer 
QE Beth vene% 4 bth ps neon 


Yves A 1 VSR IOE Oh ADREVIND SA TO ROW IALOR Sy iteliineO A OTST 4.9 retae, 
Viegled yspel to ye eviNd enT levieenacdet ene? eesnsiog | 


aun 
BE JON WoL WolQeyyasS .bieles! ni nolo riomq-wone BEE NW ind 


JAN GAS Sed yQOhON ay: BEAT a ean ee an 
4 Oedqevqo8? neretA ot sta orton oA a | 


200 


Longley, R.W. 1968. C/imatic Maps for Alberta. Department of Geography, University 
of Alberta, 8p. 


Longley, R.W. 1972. The C/imate of the Prairie Provinces. Climatological Study 13, 
Environment Canada, Toronto, 79 p. 


Louie, P.Y.T. 1977. Potential evaporative loss from snow in southwestern Alberta. 
Proceedings, Canadian Hydrology Symposium 77, Edmonton, August 29-31, 
Associate Committee on Hydrology, National Research Council of Alberta, 25-30. 


Male, D.H. 1980. The seasonal snowcover. Chapter 6 in: Dynamics of Snow and /ce 
Masses, S.C. Colbeck (ed.), U.S. Army Cold Regions Research and Engineering 
Laboratory, Hanover, New Hampshire. Academic Press, New York, 305-395. 


Male, D.H. and Granger, R.J. 1978. Energy mass fluxes at the snow surface in a prairie 
environment. In: Proceedings, Mode/ing of Snow Cover Runoff, S. Colbeck and M. 
Ray (eds.), U.S. Army Cold Regions Research and Engineering Laboratory, Hanover, 
New Hampshire, September 26-28, pp. 101-124. 


Male, D.H. and Gray, D.M. 198!. Snowcover ablation and runoff. Chapter 9 in: Handbook 
of Snow - Principles, Processes, Management and Use,D.M. Gray and D.H. Male 
(eds.), Pergamon, Toronto, 360-436. 


Marsh, J.S. 1965. The chinook and its geographic significance in southern Alberta. 
Unpublished M.Sc. Thesis, University of Calgary. 


Martini, R.J., lll. 1972. (in Thorn, 19879, and Thorn and Hall, 1980). Time-dependent crack 


growth in quartz and its application to the creep of rocks. Journa/ of Geophysica/ 
Research, 77, 1406-1419. 


McKay, G.A. 1964. Relationships between snow survey and climatological measurements 
for the Canadian Great Plains. Western Snow Conference, Proceedings of the April 
21-22, 1964 Meeting, Nelson, B.C., pp. 9-18, and Discussion (p. 19). 


MeKay, G.A. 1970a. Problems of measuring and evaluating snowcover. Proceedings of 
the Workshop Seminar on Snow Hydro/ogy, Queen's Printer of Canada, Ottawa, 
February 28-29, 1968. 42-62. 


Mckay, G.A. 1970b. Precipitation. Chapter 2 in: Handbook on the Principles of 
Hydro/ogy, D.M. Grav (ed.), Research Council of Canada, 2.1-2.111. 


McKay, G.A. and Findlay, B.F. 1971. Variation of snow resources with climate and 
vegetation in Canada. Western Snow Conference, Proceedings of the April 20-22, 
1971 Meeting, (#39), Billings, Montana, 17-25. 


McKay, G.A. and Gray, D.M. 1981. The distribution of snowcover. Chapter 5 in: 
Handbook of Snow - Princi pies, Processes, Management and Use, D.M. Gray and 
D.H. Male (eds.) Pergamon, Toronto, 153-190. 


McKay, G.A. and Thompson, H.A. 1968. Snowcover in the prairie provinces of Canada. 
Transactions of the American Society of Agricu/tural Engineers, 11 (6), 812-815. 


Mears, B. 1963. Karst-like features in badlands of the Arizona Petrified Forest. 
Contributions to Geology, University of Wyoming, 2 (1), 101-104. 


Meentemeyer, V. and Zippin, |. 1981. Soil moisture and texture controls of selected 
parameters of needle ice growth. Farth Surface Processes, 6, 113-125. 


Meiman, J.R. 1970. Snow accumulation related to elevation, aspect, and forest canopy. 
Proccedings of the Workshop on Snow Hydro/ogy, Queen's Printer of Canada, 
Ottawa, February 28-29, 1968, 35-47. 


yneravind yin can ' 
. i} 
, gis; 
Er yout] isrigoloranwig ¥ he eal ; Py 
: ive 


>= <n,‘ eR a.) en 


Pitty Sle on eit Se ee reas a 
mone erate . * . peri geen! fete sines Wdichng ire rit Tk ai pads 
£-@s teupuA 6 9 } a hance oe recente isle nace ¥ 
oetet sheadié to oe roma vi . igvalm choses 
40\ One wane to 29 Yih ait oie ee oom  anoeaes nT 
fm 3 bos vf a io) j eae S ' 3 - 
d aoyY wer) by deer ’ 


mI 6 .Qde tus 


n ; | : ib 
Vor snediod .2 ‘ssw Yo ane Yo Gna onh ag 9 


savoir worsted) ‘gaiwenigns bre eS Fet ag 8 


parr wire ; 
atone ol @ yeiandd ‘Yoru boa noltelde revoowonie vane ; eK? NG 
ea 1.0 bes yor) Mi ew rie wa al 


a i 


Pr aaa i 


abi 4 
\ 921A mortuoe area Sigpgoag 3h | nie e 2 ne wa 


RIB: To. ‘eevawet 


¥e% " - 
Joeys ‘ssensawb-amit (O9eT ‘tubs bein enontT lacie 2 1 ment? eff) 
ie. cytaged ko lanwweol, sleet OSETIA IPS atibre & 


amnarri tAekorn lecnpetoumrediay Gem yovwwe wone neawted 
lg’ er? To upnibeeots”™ anes wi WOne NAStoeW |. 


(@f qi nogauseiO Dew B1-@ aq 2h neta pteaha BBET 5 ays 
‘a a 
=) 


int 40 494 

N emV ey -ovoowone geljeulage ss gris 
tan share.) to reset 2 peau Ago lavayh wone ao 
SoS) SOR! SAS ym 


1 eon ats no kond baw Ai S saigedd .oltstiqnelt .d0ve ee a 
| StS beng? to Renued frweasF be) “w Med. ; 
6 _ leas 


bie storia: Ht m2 jee captions ‘tera vali bbne es, 
"OS Wook. att ho ean band 8a wore nivale 
- 2-0! anatnoli apie a ‘pntsaM tte 


© Soplgsr) wwroEwons torienudmen aff feel. M0 635 boas A.D veal 
Sth yet) VL sel lore Tera tIA aeeaeno 4 dala - won? 
Oet-E2! .cincsoT arene weicaalie ye Cad av 


ahGtih.) 'o 2oorwong emis ert m wvoowone Baal A sf 
St O-Sre iy re Bvervlgra WeuBNaaNsgA We Yresa0? isenatnane a 


lvavot beltrite® enesnA ent to abrmibard ri gewise? edit-tered » €00t 8 .ewem 
aolerot As igri fo yTerevind wEo OSD oF anoviNd OinGD. 


berselea fo slowros autem ip se i 1 BRT At, 
esl eet 6. wee Anes stiwerg eeu 


¥GONS? Tao? tite Igaqesg | 
sowied to sina Sredepenrures 


240 


Melton, M.A. 1960. (in Spence, 1972). Intravalley variation in slope angles related to 
microclimate and erosional environment. Geo/ogica/ Society of America Bul/etin, 
7, 1332144. 


Mellor, M. 1965. Blowing snow. In: Co/d Regions Science and Engineering, F.J. Sanger 
(ed.), Part 3, Section ASC, U.S. Army Cold Regions Research and Engineering 
Laboratory, Hanover, New Hampshire, November, 1965, 78 p. 


Miller, R.D. 1980. Freezing phenomena in soils. Chapter 11 in: App/ication of So// 
Physics, D.Hillel (ed.), Academic Press, New York, 254-298. 


Nkemdirim, L.C. and Benoit, P.W. 1975. Heavy snowfall expectation for Alberta. The 
Canadian Geographer, 19, (1), 60-72. 


Norrish, K. 1954a. Manner of swelling of montmorillonite. Nature, 173, 256-257. 


Norrish, K. 1954b. The swelling of montmorillonite. Discussions of the Faraday Society, 
18; 120134, 


North, M. 1976. A Plant Geography of Alberta. Studies in in Geography, Monograph 2, 
Department of Geography, University of Alberta, 147 p. 


Obled, C. and Harder, H. 1978. Areview of snow melt in the mountain environment. 
Proceedings, Mode/ing of Snow Cover Runoff, S. Colbeck and M. Ray (eds.), U.S. 
Army Cold Regions Research and Engineering Laboratory, Hanover, New Hampshire, 
September 26-28, pp. 179-204. 


Oboilenskii, V.N. 1929. (in Chebotarev, 1962). Klimat Lesnogo po dannym 
Meteor ologicheskoi observatorii Leningradskogo Lesnogo Instituta 1890-1925. 
/zvestiya Leningradskogo / nstituta, 37. 


Odynsky, W. 1958. U-shaped dunes and effective wind directions in Alberta. Canad/an 
Journal of Soi! Science, 38, 56-62. 


O'Neill, A.D.J. and Gray, D.M. 1971. Energy balance and melt theories. In: Runoff From 
Snow and /ce, Eighth Canadian Hydrology Symposium, Inland Waters Branch, 
Department of Energy, Mines, and Resources, 31-58. 


O'Neill, A.D.J. and Gray, D.M. 1972. Solar radiation penetration through snow. 
UNESCO-2: Conditioning, Ripening, and Me/ting of Snowcover, International 
Symposium on Properties and Processes, 16 p. 


Osborn, H.B. and Renard, K.G. 1969. Analysis of two major runoff-producing southwest 
thunderstorms. Journa/ of Hydro/ogy, 8, 282-302. 


Osborn, H.B. and Renard, K.G. 1970. Thunderstorm runoff on the Walnut Gulch 
experimenta! watershed, Arizona, U.S.A. In: Resu/ts of Research on Representatie 
and Experimental Basins, Proceedings of the Wellington Symposium, December, 
1970, /ASH Publication, 96, 455-464. 


Ostrem, G. 1964. Glacio-hydrological investigations in Norway. Journa/ of Hydrology, 
2 NOVELS: 


Oura, H.T., Ishida, D., Kobayashi, S., and Yamada, T. 1967. Studies on blowing snow. In: 
Physics of Snow and /ce,H. Oura (ed.), Proceedings of the International Conference 
on Low Temperature Science, 1 (2), Hokkaido University, Sapporo, 1098-1117. 


Packer, P.E. 1962. Elevation, aspect, and cover effects on maximum snowpack water 
content in a western white pine forest. Forest Sc/ence, 8, 225-235. 


Parker, G.G. 1964. Piping, a geomorphic agent in landform development of the drylands. 


a 
1. 
7 


an 
Qt hetsles asipe bin yan 7 : a ppnlll 
RNR Sane sche Oo Wwe | 
segrmed An, yeeniend aise ena\eait | yO) Ah ev ane Bw ey 
efieertgns be U0 : 


ett “P be ws. cay ao Oe py oe tw 
a en a Se a si 
aX) 
ey eee Peel ery Pends SoA 
Heo NON Re uel Ji .2e07 H ccipmubanA 1 tach Ani 
Pangaea | He Pheer - 


oti ye ee pres ait 7 


as =e 


wh) .ehadiA yo) 


Yas-adsS SV ews 
vw 7 a 
AU 0% yaa? a Jo-mnaieauneld se 


ae : 


S hip oor! (toe :Qoed 1h riasibate ervalii io 
Pts .q TST snediA to 


EU aye) vet Mem jiaadiad, 
ewieqnis wel) . SYONEH .Vwik 


ee 


| ned 6G opaneed Semis (S00 werioderS a .8001 > anes 
esa beat ah teart Cooriens tie J Woravadedo ic: 


een) eel chenqise ie Baw ovine Hie bee cane baneti-dhil ‘gaat 
"S888 BE .sana\s2 Woe lo 


Mame 279)6W heat ohaccrgmye 


colt 
Bete Rarrieuat lb ch Caper 


worts rove wy notatereg Seeks oe tt a bre 
rife ser Vo VU ee is eins & Qn in QA J 
Qe! port cite 


Teevin' tos penaubo wd Meta Ioan ows a eia\ylanl, 581 o. » oangR bn 
‘SOE-SBS 8 polenyid to lan uok 


‘ieiuD junta ect ae tory Fhe cebe are ll OTE! 2.4 bene bas 
o Tetras ao (yee to sigue ja AaU .cnosiiA bene 


phate fos te ; 
‘SGTwoSO musognve noipnitavy airy te 
reece 9e ‘elatlQu Head OF | 


Weert 9 Verney (aN ON ni anokegitemytt lasigolstayrtoleetd 


NON tee | enhosee tan aeeenated tvGt txGh sees 


se 


ras ary 
ae 


my 
() were grwold no waite TERI /T eharey brie .2. ideavadodt ..C sabietel ew. 
som ptnad lancvsrratet eff le sealieeooT .( seg ae Ht 2o\ ue won? lo : 
Tt t-@ROr creased Anes ebinallont (SF ooraind Vs 


,etaw snsqucne muniean WO.8aS te reves bre 9 fa. Jone noveveld er 
SELESS 8 OOHIBEG Ia ee eee 


aoeNey Te aril to ineregciewats nage Vera ni to8p8 


241 


[ASH Bulletin, 65, 103-113. 


Paulhus, J.C. 1971. The March-April 1969 snowmelt floods in the Red River of the 
North, Upper Mississippi, and Missouri Basins. Nationa/ Oceanic and Atmospheric 
Administration Technical Report, NWS-13, Silver Spring, Maryland. 


Peck, E.L. 1972. Review of methods of measuring snow cover, snowmelt, and 
streamflow under winter conditions. WMO-I: Measurements in Space and Time, 
International Symposium on Measurement and Forecasting, 18 p. 


Popov, E.G. 1972. Snowmelt runoff forecasts - theoretical problems. WMO-2: 
Forecasting Runoff, International Symposium on the Role of Snow and Ice in 
Hydrology, 14 p. 


Potter, J.G. 1965. Snow Cover. Climatological Studies #3 Canada Department of 
Transport, Meteorological Branch, Toronto, 69 p. 


Potts, A.S 1970. (in Thorn, 1979, and Thorn and Hall, 1980). Frost action in rocks: some 
experimental data. 7ransactions of the /nstitute of British Geographers, 49 
109-124: 


Powers, D.L. 1931. Subsurface study of Pale beds and Foremost Formation in 
Lethbridge-Brooks are of southern Alberta. In: Stratigraphy of Plains of Southern 
Alberta, American Association of Petroleum Geologists, 69-85. 


Price, A.G. and Dunne, T. 1976. Energy balance computations of snowmelt runoff in a 
subarctic area. Water Resources Research, 12 (14), 686-694. 


Price, A.G., Hendrie, L.K., and Dunne, T. 1978. Controls on the production of snowmelt 
runoff. In: Proceedings, Mode/ing of Snow Cover Runoff, S. Colbeck and M. Ray 
(eds.), U.S. Army Cold Regions Research and Engineering Laboratory, Hanover, New 
Hampshire, September 26-28, pp. 257-268. 


Putnam, W.C. and Sharp, R.P. 1940. (in Spence, 1972). Landslides and earth flows near 
Ventura southern California. Geographica/ Review, 30, 591-600. 


Radok, U. 1977. Snow drift. Journal! of G/aciology, 19 (181), 123-139. 


Ragan, R.M. 1967. An experimental investigation of partial area contributions. General 
Assembly of the Bern Symposium, /ASH Pub/ication, 76, 241-249. 


Research Council for Agriculture, Forestry, and Fisheries, 1970. Revised Standard Soi/ 
Co/or Chart. 


Rikhter, G.D. 1945. Snow cover - /ts Formation and Properties. Translation by U.S. 
Army Snow, Ice and Permafrost Research Establishment, Translation, 6. 


Rubey, W.W. 1928. Gullies in the Great Plains formed by sinking of the ground. 
American Journal of Science 15, 417-422. 


Russell, J.R. 1931. Geomorphological evidence of a climatic boundary. Sc/ence, 74 
(1924), 484-485. 


Russell, L.S. and Landes, R.W. 1940. Geology of the southern Alberta plains. Geo/ogica/ 
Survey of Canada Memoir 221, Canada Department of Mines and Resources, 223 p. 


Schiff, L. and Dreibelbis, F.R. 1949. Infiltration, soil moisture, and land use relationships 
with reference to surface runoff. 7ransactions of the American Geophysical Union, 
30)75-6o: 


Schmidt, R.A., Jr. 1972. Sublimation of wind-transported snow - a model. U.S.D.A. 
Forest Service Research Paper, RM-90, 24 p. 


ae 


ait > avid ha setfnl choo! HemworeRO@t thqAerioneM ed? . 
Jevetiqzormh, one sine Venole a a VMI M one iqgiee nai 
a | r = ae : 7 | on apa stash OM tall 
on rns of a ie OSs yee) 
AT A SSE SE wants f) WV vate ryt NOD % / vere vw. 


on 
c-OMW . nits ert 
ni wala won 10 @ of ert! nar . 


» enw 


Yo *ernitadad sbansd on ae 
ne emonor" : 


' ”q - re 


ange edoo: 4 notoa Mo (OBESE. leh: 
Gh ~yaoe e060 Mei Vo shstiten\ et to mnolasnan 


er a ys 


n RoitBeTOt MmoewI0F ting abed wie 40 yout? soaruedud 
VINO? iG an \e\S Yo phe es mM. munis TonloonnA os : 
28°89 ataigclos) musiates 


ati Mrorus Hamwone te enoutuarmao asralag 
23-8858 (AT) St to acannon 


litrnyore to neiroubo., erti no aiowned ver Fenn biel A etertald DAeona 


of M br apediod 2, ee es on. = 
weil Sveneh y ohmodsd gninesnigns bas rorsersA anoigeh blod yrnA pista ae 
BAS-T@S .aq GS-05. vedere’ 
cer! c\wol! (ee bas 2ebilebnel ASVO! sonsqd nl ObeT aA al? bee OW omeetu 
00G-t8é 8 sweiven \eainiqergoge RSTIOTIAS (eS CRONE 


i 
BL)-EST sree AAQOWOIBATD Yo tnrWaR, His wore “W9eh 0 Jober 


‘an at hte 


ASR) -2ioieitnos sais eireg 16 Moir. sinemineqxe n& .~Ser M.A nagar 
SoS -1 OS. OT wolves dw regi Mwieoarnye meseatt to vidriseem | 


\\ae ‘Swine? \euiveR OCT genie bie vysteet07 ewituahgA 0} liom) riotasesA 
ep aries oP 


} via 
2. yo wtodstonasT elt agg ane ab lease 291 -seNos WOR ener Ge. setter 
2 .rovelenad) Ireenteidaies foresees" leo viernes bons aol .wond WANA 


JofO78 2 fo prinieve berm? enielsitne€) ett ni aatlived: “eset Wiw wweduA 
SEPT A Bt ssloe Yo lune’ eral Vern, 


+. swes\o% yiaprwed oertls & to eonebive ae ee ; AN] Ab. leveuh. 
“hSb ESOT) 7 


Gee oO) 2 tity shediAvrearives edt to ypolos® OG! .W.A eshrat bre 2.) jeeeuh 
ane aS sauhoscal ane maeeal te abera.) PSS s\oreM 6 vened 10 NR 


2Qirfacicuteles Bau bint) beni ty Pavenita’ BhOh A 9, sichedies baw: 4 tides 
NOMEN ' “HOT gwd nO4\ Ten SAE Xe Waensart . Horm aostwe ‘oF sonaraten iti - _ 
86-8 ,08 wa ; 

=~. of re, 


KAR borne * wien 9 fies Secale Ser ow. ZA siento 
BS CEMA vege doveseeh solves 


‘ a — 


242 


Schumm, S.A 1956. The role of creep and rainwash on the retreat of badland slopes. 
American Journal of Science, 254, 693-706. 


Schumm, S.A. 1964. Seasonal variations of erosion rates and processes on hillslopes in 
western Colorado. Ze/tschrift fur Geomorphologie Supplement Band, 5, 215-238. 


Schumm, S.A. and Lusby, G.C. 1963. Seasonal variation of infiltration capacity and runoff 


on hillslopes in western Colorado. Journa/ of Geophysical Research, 68 (12), 
3655-3666, 


Smith, J.L. 1974. Hydrology of warm snowpacks and their effects upon water delivery: 
some new concepts. In: Advanced Concepts and Techniques in the Study of Snow 
and /ce Resources, U.S. National Academy of Sciences, Washington, D.C., 76-89. 


Smith, D.D. and Wischmeier, W.H. 1957. Factors affecting sheet and rill erosion. 
Transactions of the American Geophysical Union, 38, 889-896. 


Solomon, R.M., Ffolliot, P.F., and Thorud, D.B. 1975. Characterization of snowmelt 
runoff efficiencies. in: Watershed Management, Proceedings of a Symposium 
Conducted by the Irrigation and Drainage Division of the American Society of Civil 
Engineers, Logan, Utah, August 11-13, 1975, 306-327. 


Spence, D.H. 1972. Relationships between slope and aspect in an area of hummocky 
moraine, south central Alberta. Unpublished M.Sc. Thesis, University of Alberta. 


Steppuhn, H.W. 1976. Areal water equivalents for prairie snowcover. Western Snow 
Conference, Proceedings of the April 20-22 Meeting, (#44), Calgary, Alberta, 
63°68. 


Steppuhn, H.W. and Dyck, G.E. 1974. Estimating true basin snowcover. In: Advanced 
Concepts and Techniques in the Study of Snow and /ce Resources, U.S. National 
Academy of Sciences, Washington, D.C., 304-313. 


Storr, D. 1973. Wind-snow relations at Marmot Creek, Alberta. Canadian Journal of 
Forest Research, 3, 479-485. 


Storr, D. and Golding, D.L. 1974. A preliminary water balance evaluation of an intensive 
snow survey in a mountainous watershed. In: Advanced Concepts and Techniques in 
the Study of Snow and /ce Resources, U.S. National Academy of Sciences, 
Washington, D.C., 294-303. 


Strahier, A.N. 1950. Equilibrium theory of erosional slopes approaoched by frequency 
distribution analysis. American Journal of Science, 248, 673-696. 


Taber, S. 1929. Frost heaving. J/ourna/ of Geology, 37, 428-46. 

Tabler, R.D. 1975. Estimating the transport of blowing snow. In: Snow Management on 
the Great P/ains, Great Plains Agricultural Committee, and University of Nebraska 
Agricultural Experiment Station, Lincoln. Publications, 73, 85-117. 


Teichert, C. 1939. Corrasion by wind-blown snow in polar regions. American Jounal! of 
Science, 237, 146-148. 


Tennessee Valley Authority, 1964. A pilot study in areastream factor correlation. Off/ce 
of Tributary Area Development, Research Paper, 4,64 p. 


Thorn, C.E. 1979. Bedrock freeze-thaw weathering regime in an alpine environment, 
Colorado Front Range. Farth Surface Processes, 4, 221-228. 


Thorn, C.E. 1982. Bedrock microclimatology and the freeze-thaw cycle: a brief 
illustration. Anna/s of the Association of American Geographers, 72 (1), 131-137. 


i * ‘ Le | } a=" 28 oA ; 
rh wi fo Boe oh 4 be Msecregippim x Sepad « rae Paty ae a i he 
BES ‘S2 Jonwe bes ee ; faecal en 2 Awl Thiviset aS obec 
Se Sb LF ok 
FIORN DAD. YhSQhS OCR Ne oticaar tomb mentee agin erie ny Leng tle rere 


IST) 68 Acine7aA 


Cane veisw noqu atzetea tied?t 
wand tO ee ons n\ hice ptedy | as2 
gs-3t 3.0 nemgrirtes 2eonsing t9 


i vi nen) 1 : A - - | Ds 
‘aatediiig? gnitoetia exoios4 =. Tae? C ) ne «0. ime 
SHE-C88 BF nein resting oes Neat 92ND 
LP, Pipes pe, FS jorey 08 mer 
Herniworns ta Coimssiyetonrar | aver -aat 7 ME om . 
Ste Vialnee arena agers core f wf ai 
livid to YPBIkee Mao ° Vv rit. : IN pne 
TS6-B08 AVOt.CfsF T teoguay lat p eaten 
Ara feo F : Aaa 
Vacorviue to ne eH Ioeqes bis eqole neowted edirisnoitsien. .S 
grreitA to yievevin’ .ewedT 2. Wears pene wshactA lanes rues vc 
= §s Pra ieee 
wor? “aieW leveawoedEe » vatew'leotA) ATEE Vv 
AiseiA yrapicd (ha), eCoSh A ent iasyavnemor ak haa 


Wanna its oot ewioonwerta feed gut onitemie3 peat. 32 loys Wy: Hs , | 
ancitewA 2.) 2evwase eh eine eds nh zoupindss% oe 
ELLE SOE 3.0 notgninasWw jeeonein® to 


a ~ 


= 

(Oo Jahon. ne\ bane sed oigetd torre te enoitsien wone-oniWy ,ETer.d  nole 
-BBR-BV £ AORESA TOTO 
“0 

avieneinn ra to noivmulive eraled vaten qrartietlinic A ever LO _oniblod ba nate 

AY gibutl\rict: wk “ nrriaone) wera oh (A) .beraieiaw fh yews wong. 

moran? hy vineoeaAleraqitett F rrpedesenlne ob ineaiidmel yo Vow any 
COE-MES oO , norgrinas 


o> : 
(2heueer? yer treroore rains 1egols lsrmiac te is Woorlt mundi’ Oar VA aie te 
SEB-£ 7S GbE earvetse Vo \en iol, nese .zisylans neib 


= 


Kt 


JOO ESS WE ~yolesd-to lew, gnivasr t2077 .BS8t 2 radar 


Og ERE QSMEM «wORNe un) wore peunttl’ to Pocdce th writ 3 2°72 GA wit 
sAeardey! 10 ¥ sd tay ons calvnmod lwo pA TEED 2We\% Jee ety 
| -@8 EN encvtsclewS oontd netere trernrtheqxs lswulvohgA 


YO Manan, nea vee encipe nisiog 1) wrone riwold-briw ae ered geer <DshectoleT 
BbI-Bht VES sonaise 


Ss\\i0 .ngvaletios votiet mee tee's A youte Toliq A’ .b8er \SnortuA yallav seeeenneT 
ghia db Nene. boven memualeved sak VME Yo 


Ineranotvem erais nea gniveriiaew wart axees) sorbed 8x00 2D mont 
‘So8-1 56 2828289015 some Ated, (bQreR now obs led 


rae ealemeale eames ail 
Ein PP ie Wt) 2 eee <parevoditlndh ttn tomer recapwnail 


243 


Thorn, C.E. and Hall, K. 1980. Nivation: an arctic-alpine comparison and reappraisal. 
Journal of Glaciology, 25 (91), 109-124. 


Toy, es Eos Hillslope form and climate. Geo/ogica/ Society of America Bul /etin, 88, 


Tricart, J. 1956 (in Thorn, 1979, and Thorn and Hall, 1980). Etudes experimentale due 
probleme de la gelivation. B/u/etyn Peryg/lajalny, 4, 285-318. 


Underhill, A.G. 1962. Report on the Effect of a Change in the Vegetation on Run-off and 
Erosion Characteristics of Alberte Streams. Water Resources Division, Alberta 
Department of Agriculture, 57 p. 


UNESCO, IASH, and WMO, 19870. Seasona/ Snowcover: A Contribution to the 
/nternational Hydrological Decade. Technical Papers in Hydrology, UNESCO, IASH, 
WMO, 38 p. 


U.S. Army Corps of Engineers, 1956. Snow Hydro/ogy. U.S. Department of 
Commerce, Office of Technical Services, Portland, 437 p. 


Van Haveren, B.P. and Striffier, W.D. 1976. Snowmelt recharge on a shortgrass prairie 
site. Western Snow Conference, Proceedings of the April 20-22, 1970 Meeting, 
Calgary, Alberta 52-62. 


Verschuren, J.P. and Woitiw, L. 1980. Estimate of the Maximum Probable 
Precipitation for Alberta River Basins. Alberta Environment, Hydrology Branch, 
RMD 80/1, 307 p. 


Volkovitskaya, Z.1. and Maskova, G.B. 1965. The wind profiles and the turbulence 
characteristics in the bottom 300-meter layer of the atmosphere. In: /nvest/gation 
of the Bottom 300-Meter Layer of the Atmosphere, Academy of Sciences of the 
USSR, Institute for Applied Geophysics, Moscow, 1963. Translation, 13-25. 


Von Engeln, O.D. 1942. Geomorpho/ogy. MacMillan, NewYork, 655 p. 

Walker, E.H. 1948. (in Spence, 1972). Differential erosion of slopes of north and south 
exposure in Wyoming. Abstract, Geo/ogica/ Society of America Bu//etin, 59, p. 
1360. 

Ward, R.C. 1975. Principles of Hydrology. (2nd Ed.), McGraw-Hill, London, 367 p. 


Webb, R., Johnston, A., and Soper, J.Dd. 1967. The prairie world. Chapter 5 in: 
Alberta, A Natural History, W.G. Hardy (ed.) Hurtig, Edmonton, 93-133. 


Weiss, L.L. and Wilson, W.T. 1957. Precipitation gauge shields. IASH General Assembly 
of Toronto, 1, /ASH Pub/ication, 43, Gentbrugge. 462-484. 


White, S.E. 1976. Is frost action really only hydration shattering? Arctic and A/ pine 
Research, 8 (1), 1-6. 


Williams, P.J. 1957. Some investigations into solifluction features in Norway. 7he 
Geographical Journal, 123, 42-58. 


Wiman, S. 1963. {in Thorn, 1979, and Thorn and Hall, 1980). A preliminary study of 
experimental frost weathering. Geografiska Annaler, 45A, 113-121. 


Wisler, C.O. and Brater, E.F. 1959. Hydro/ogy. (2nd Ed.), Wiley, New York, 408 p. 
Yair, A. and Lavee, H. 1982. Application of the concept of partial area contribution to 


small arid watersheds. In: Ra/nfa//Runoff Re/ationshi ps, V.P. Singh (ed.), 
Proceedings of the International Symposium on Rainfall-Runoff Modeling, Mississippi 


BS sVo\ WR ao 


eerie agily re fareen asl att ath aeinitemiedtkatl ‘ mt ays 


— 


va ® 7 io : Ui : : 

ne Mone no nolteieqeY Sit ei sgnedS & te inst ao foaeh caer , 
i ae aeerir No HOGS cba 5 

- aks be ‘ $2 .euutluaiga. edhe ttn 


_ * nes akionciet aryl uae 


OAT Oo} MOVING | ‘cheat, OF0 7 © Hes ‘ 
HEA) OPSMU .yRole byt ai aregat issineioeT 4s > 


Ais 

} se 

patel a Det aes wee 
-_ or 


ervey) eos rginorig 6 0 SR aroey yHomwone ater 6. 
oriteeM OT@! <S-OS ineA ort cab adae «he 


sidecko nue eeNCaAt to eteenibed OBET id wit bre St biel - 
onan vpdloibyH Anemino ves eral pean as a 
a 


enilud et art? brs ppd ap owiT . sictab le avosiee bem. Ss syptevoo 

we te own \ "i Saran ae ysl Jats OOS mofted art. 
vate fo wsonigiDe to yitebasA. a\ettqeg nih ay \o veyed EALaas vce: 

t noitelensal £36) weosoM .2cleyriqeed bellqad 1? 


9 Jé3 0 Ywelt natliMosM ARDEA ROMOND ‘SPA 9.0 .niegrneN 


iMyoe bet den to eeqole 19 néigow leiinenstiid ASTEH ml Sher 42 ea 
oq 22 aleatiua eaves We Wieleed \wolyoroud JoewedA . iain 7st sae 


9 


438 pobre iit we@oM ea aS) agalovevlt to.eeln lane aoe f, 2.8 bre + 


m2 AY os pte bow acierg edt eet .bO.b sedad pie notenrio’ ..A eideW 
vi! -EO noipormbS wgiwh ibehyos .0)W  qrore\) teams he re ' 
VicttereA isnered H2A) wht sqump ni V@RT TW .noeliW bem .14 sei 
bOO-SA .egrunchhad £3 wwolwpa\ laud AeA\ ,f omar to 


#7 Vk One alii Tomlendtene neite ibys 7Optos t2077 al. .AVeL 3.2 etinw 
sidhdred. _ O-t (1) @ Asseanae 


at\ .vaw-vold res nea? fouo/THoe oni anol jemoe .Taer .L.4 
BE-S& E80 Newer 7 


fo yous yrorieie yg A /OBET iar bra nodt bos 2S@l .medT A aa 2 rerni\W 
A (-81) AO. VOLE, oe eNgoed .Qnterttsew jean ininemiheque 


805 Avot woul wally RehenS).yyoloteys Geer A.B someone Od rele 
of Naitudhined ae 1 A sell Son Na oe A oe ey 
Ate) a ; 
qqaeieeiM 5 


=f. 


244 


State University, May, 1981. Water Resources Publications, Littleton, Colorado, 
S39-550; 


Yair, A., Lavee, H., Bryan, R.B., and Adar, E. 1980. Runoff and erosion processes and 
rates in the Zin Valley badlands, northern Negev, Israe!. Earth Surface Processes, 5, 
2OOre2 on 


Yoon, Y.N. and Wenzel, H.G. 1971. Mechanics of sheet flow under simulated rainfall. 
Proceedings of the American Society of Civil Engineers, Journal of the Hydraulic 
DIVISION YS, 1367aG06. 


; 7 


—_ 
barged ovate ol ere 62 


Se > 
bri gaeeeo0 1g NOROW 
& setenwoS 808 112 WEY 3, 


ie taiyy bale hsrma » beaiaele oeN ver. D+ le am WY © 
aia aye ert? to het etal abla ciel ys ree ety ah a So 2arik 
7a oak ie a 


Ai @Se 


we 
Ay an a <7erw Ne’. 
en 
‘% eto a] { 
> wy 
_ _ vil 2? 7 
+ comes 
' 
1 : swig’ aa 4s bags - 
| kaa 
, a 2 7 
5 ’ ' » < ses ay 


<6¢ yee! a 


"G/6| ‘epeuey yuawuos1AUq ‘E *[ON “ZLEL-SS6L PUIM :S[PW4ION UeIpeuey :ad4N0S e}eq 


i} 


Aduanbei4 abejyuadsag AL YyUOW UeeW SeYHIH PUuodeS [ ] 
Aduanbes4 abejyuaedseg Al yJUuOW uedW JSayBHIY = ( ) 


ae 


- - - l - - - - - - - l - wieg 
91 € | 91 91 WW 0G ie Lie ae €1 a I €| MN 

8 6 6 6 8 il 6 6 i le il Ol 6 M 

nt 6©LZU (st) (6) Et a El Sh Yon Ll a ZI Ta MS 

91 (oz) (st) (6) 51 ZI I yl EL gl ot [st] [ei] S 

Lit Fl Li (6) 61 gl L\ 91 oc [él] [Zt] 4 41 EIS 

S i] € Gj 1 G 9 L S) ») 9 S é 

8 9 4 9 6 6 Ol Zl 8 6 9 9 AN 

91 [Zt] St Ol val 91 € | st Lt (oz) (et) (6) (02) N 


Hedie <o2q | SAON 120, das. °bny  “ojnp sung. sAeN cidy — sey “qey 7 uep UO139941GQ PUIM 


JYHY SsyoO4g :u0lze4s 


“9961-SS61 ‘IYHV SNOOP 
LV FOVLNIIY3d AINANDIYS GNIM ATHLNOW NVAW ‘LV X!pueddy 


245 


f - 


YoNsuee*? speinsotst yhisnoh mah seed it -f} 
y2Hetpsrs soetcaois? yferno fes* Jsatigitt bneasZ af ] : 


: - sQUOL .ebé6n6) tremnoivaZ es fav -EX€t-222i belw : zi aancl neltbene) spre’ eset 


246 


"7g6| ‘epeueg JuowUOI!AUG *G “OA “O96l=1Gor PUIN sSTeWON elell yj ue tpeue 7. o> 1n0s ye 


Aduanbes4 obequedseg AL YyUuOW UueeW FSeYyHIH PUuodeS 2 ] 
Aduanbes4 abequao.seg ALY UOW ueeW 7S2e4H1H =i ( ) 


TR ce a A I A PI A DE A EAP LON OAD i TELE ADOT AAI A A A 


- ee GUO ZO Me CE Th On tO) tlicO nc Oo ol Coun e0) nO sO al wLed 
ee rn er ee 
Oz ety elleiwote [002] (ccc, alate 4 0¢ 6 ec 90) 0c (761) (5°61) (Z°Z1) (L460) MN 
Tee Cla ec pee ei OC OlenG eG. (os laser) G6 = 60S Sir nOtes bec) ea canl M 
aC eyle oto e2) el ent 6s! 9s) 1st [y oe oy ot [s 91} MS 
ai S/he) [Grecy Sel 0 Slay Cle 2 cl OvOL ec ele SS! [o°Z1] S‘4l S 
Mime OLN IR Seg US U0 Nt iste ec tile ee iah Sel Cay Sg Ors as 
S Or EG 6 9c “865e (icrGeme Ge ents Game <9) to) OF am OG ee OuGe me Ont 3 
6 cement ar CG. uma) “Oil uncer Cpr O2 Gt meet leon Game Ole ie/s eet) ela? IN 
hy) Wet GAL See SU CRen lI ee Sy Ee al So sr N 


es ee 
jes -9eq) “NON 290, “des “ony [ap unr Rey) tardy 1ey deg uer UO1}D941qg PUIM 
a 


Siootg a2 volves 


"0861-9961 *Sy00Ud 
LV JOVLNSIYAd AINANOIYS GNIM ATHLNOW NV3W “ZY xX! pueddy 


ah 84 


‘cee a 7 at 08 28 Bet bal bial 
| s.81 0.8) E41 @.2 0.1f 2.5 2.3 3.8 
@g 6.2 Ve #2 fa 2a 32 re ou 
ae LSt ast vil sa 2 Be ae 0.8 
F S.8t 0.81 BEF FSi 0.81 fe) 2.21 fo.stp 2.4 
§ 2.8 cA e231 8.8 Vai ean .d1 f2.aq 
8.0 88 an Ut £2 86 F.0l @.8) S.aF 
15.88 ts #08 e.£s 00s Flepfa.edfs.o.e0 


. See 


b 20 ae ae 16 #6 {4 8.6 £0 2.0 ee 6§.t 


yaroves+? spsices1s" yifinah moh deatoik =; } 
yoceupetT ag6i0s.794 yléine™ nmgeM Pesrigitt bnoose =tj 
sS8QE .6b6R6) Shamactive’d .2 jo ~3BET-12°! LaiW felgeroe stamils nelhensd sesawe0d edad 


247 


"SL61 “epeuey Juswuostauy ORT oONmeez6lecce) PUIM = :S|eW1oN Uelpeue 7894N0g eleg 


pesds puim Aj yjuow ueay sayBly puodsas 


[] 
() 


peeds pulm A, yjuow ueay ysaubiy 


UES BOSS Bees 4646) Se peel) Ges | C51 6591 


SEG PSST alone SUO1I9941g0 [Ly 


[2's est} [s-6 [seq] eer ss CMS IEC Sg le eomihz (9° (2) [8°81] (€-0z) [z-g1] MN 
CaS) BOW SSi cy 649 Hocu eo ee| tA TAL SCN Stim cp aot M 
(2°61) (lt 2) (O°0z) (itz zz ses) Ceol Se 0c Sic ie so7) (0°61) [S°gi] (0°61) MS 
EeC lL WP hls etl Sect” Sram ig 76) Set Rete} Beil SOkeb #626 Sz act Besa! S 
ESal React W/ ect to 7st Att) 9~9) ULL SOREL ER GHE! EO GING th) ae ez) eaee| 3S 
clea ier Eves £025 Eel Reso, SGM Az ay |) Soucy) Bete) We) Weel 35.0} 3 
ESAS AC aoa So c0U Bi eet equa tan Ema Soi Teor Soar go ap) Saag, IN 
ol eS NE CTEN Cicily ce ep eat Gna ees) [e702] Meni S929) Boo N 


ABSk “2290 “P2AON 275 “dss -2bny ne 
0 l 


996 1=SS6)) wea yhy SN00uUg 
_74°W>4) SaaddS GNIM MIHLNOW NW3W 


LV ( 


JYHVY SYOO1g :u013e3¢5 


"EV XIONIdd¥ 


; ce acer ©21 o.ay OE 8.81 
& ean se be-04 eet Ret Bet 


ar aki <7 ear ar der 


he 


iy 5% 
r et 3.0t 
L Ysr £.8 | 


ma hae ay be 


0 227 


 2vet 


»S66n6) sas iva? 


ey 


ft. 


eft 


a. 31 iT 
Tt 


eat 


oy 


ca 
= 
. 


€.8 
S.A} 
o.e1 
e.Si 
€.05 
¥.al 
€.8) 


«GF 


Si 222) Sat¥ 


ial eh 

8.8) i rr 3.81 
€.af €.4) O.Sf GT 
Bai Bei F.8f #81 
260 O21 2.8) a.Sr 
8.0) Be) B87 S.80 


a.tt 
B.Of 
a.sf 
€.01 


£18 fe.09 (0.0:) [2.69 (0.09 


S.§f 2.81 A.27 Fat Sas 


ais 5.15) [8.21] (¢.05) fs.89 


1.81 soot tsanta A 


bseg2 talW yirtinos nest 4 csp iH : 
Sesn2 tolW yidynok Gash Jesaplh Hnoss2 =f) 


:elamoW opibenss iesqwead exe? 


248 


“7861 ‘epeueg JUSWUOI I1AUG 


aoe VE OST M926) ET al 


Ht [2 Ht} [oni] [s-si] 7-41 
COPED Ae Gch Otel ten heG| 
99 (9° Li) (zg) (5°21) o's 
Wel AOC een eG (am Ome [ae Za 


Misia ical Mere Ee ea me yoca 
Ec0l ge 6 ole c 76 
Bec Welt lee yont Ger (mr car | 


Sele Gre rl Saif Uhl OoOs 


Gea iON “O86L-1S6L PUIM :s|ewron er eu 1D) USIpPeueg” sea tnocw eae 


paeds purm Aj yquoy UBP2W ISeYBIY puodas =[ ] 
peeds pulm Aj yjuow ueay iseybiy =( ) 


Pcl -€°Zt G6€l G6 Hl O91 HEL 9°21 ZI SUO!I9941g [LV 
A ea SI editor ecc a fo-s Es'eu] fired [é°+1t] MN 

O60 eee ett ardlaee/a Cem ret (e OIE oi] uals M 

SN SPADE VES aye (7°81) (8°S1) (E€-91) (HZ) MS 

i paid WSS St yk SIN ES pra ak Oral S 

evel aS) Cleece Ct ro aaiere nlm es Saale 35 fal EIS 

2eo stiOl CE SO Gy erent ier eat 4° Ol E 

cmc l Shc me (ah le gat le 201m Gert Colles Seal | IN 
DOG el [stim Caeit tee eG aerate SZ N 


"Bony ‘inp -unp Kew cady ‘suey "qa4 ‘uer UO!}9941g pulM 


SYOO1g :U01.eI¢5 


"0861-9961 :syooug 


LV ee ie) S@34dS GNIM ATHLNOW NW4W “HV X!pueddy 


Jeol ee +330 aod en -10L snub ys .1GA .teM ds? .nek = not sosrid baiw 
es ate i boa oo fe. S82) WH Eel Ede ase. Wie) asst a 
are F.08 Sef EF GSh Fst TM Be Sai esSt SuTt 25tF Eo) 

mS WOR SR AR Be AOL BN ey SP Beh BOF BLO 2 

. pate a Pst €.5t R81 eet OOF EA) Ey Cust €.8N 32 
Het Ol) StF GH Qt et Ger Set wise ett a Fa 

ve 
¥ 
wit: 


pahaae Qed Rett TOF 8.21 8.8 fhe te. aibge vi} 
Esid i.8f VS) S.A BOF fll ett 
ea. isis tet es T.8F ec2t fo.8} fee) bP cte.cg 


Dae 


a ee et rr Lar Bet Gost eee C.ff O81 0.55 8ge SSY C6) -enottasyj@ FA 


hema bait ytirent net teedphh =f 5 
tasnje brit yliigaoh rest Pestelh bade? ={ j 


 88e5 .8b6n6) Insarorivay-,? .to¥ .cBfi-t2éi oni selena sramif> wether? seonun® esee 


APPENDIX gB. Slope Angle Values Surveyed in the Subabas ins. 


249 


evi gad de “s oe 


*% 
Os "a 
TT "gs 
7 iq "4s 
2.3 Me 
© ay "2.07 . *z, is : 
a5 | teas hs | 
"ne *és 
‘a 3 ae a 
a a 2. és | 
a4 "2.8 * th 
"te "2s ] nA pie: 7 
“é hab oe 
ti ea "2.81 *e@.ce 
228 2.8 re} eee 
2.34 tL Th 


Sade ii ri 


APPENDIX:€. 


Station 
Letter 


Sse fy “Saal mal is)” Xeey Yoof peo 


NW = SS = 2 Ge AG 2B Ow © 2 = FP Fe G&G | 


Se) ae 
on LP 


Station Names Corresponding to Letter 


Denotations and Water Equivalent 
Values of Figure 4.5. 


Station 
Name 


Carbon 


Drumheller Andrew 


Craigmyle 
Hanna 
Scotfield 
Naco 
Sibbald 
Oyen Cappon 
Empress 
Vulcan 


Majorville 


Armada Exp. Sta. 


Rainier 
Duchess 
Brooks North 
Brooks AHRC 
Pollockville 
Jenner 
Preture Butte 
Lethbridge CDA 
Coaldale 
Vauxhall CDA 
Taber 

Hays 

Bow 1's_oR.0. 
Suffield A 
Ralston 


Medicine Hat A 


Number of Years on Which 
Data is Based 


Byte) 
25229 
20-24 
20-24 

Dold) 

SONS) 
Mee) 

Dato 

Binilte, 

pale) 

paulo. 

Dato 

Syailis) 

eee es) 

Da 

Ad 
2bi229 
sails) 
eral) 
30 
Peal) 
eyes 
30 
Sal 
fst) HS) 
30 
20-24 
30 


250 


ns ifw ae rah oO” 


five “a 


7 “Hinton aa 

SS-0f | _ at ying : 

ot a 1.4 
hr il ~ | bi sTtoa2 a Z 
bi+2 ~ 4 a onan 1 So 
ef-aree °F GG ia) Neddig o _ 
Pin? ee aggBD Neyo: Re Oat 
prA<2 PA — Bamtqmd,, a 

63a Wiel nBITUV. ey ee 
gee | pt ltivroleh a 

Prag <mge .qxa sbemik bad 

eb-3 veln BR a) 

et=2 | aeennud w >a 
et-@2 finev aloo’ 0 : 

TZ ')..98," *s\ DAHA e2A0078 q 

es-ag sitiviaottad D 

BIn2 yennst w 

et< sj7v8 aws3si4 ® - 
GE ACT apbiidiisJ ot 

ete alehisod vw 

a er AG). | fedxuey ve 

og deh = we 

eed re 
in2 UA deh owo 


soewthothc Bs 


APPENDIX Dl. Snow Survey Data for January 17, 1982. 


(Weighing - in - Field Method) 
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APPENDIX D2. Snow Survey Data for February 5, 1982. 


(Bulk Sampling Method) 


Column | 2 3 4 


Snow/Water 
Equivalent (cm) 


Snow Density (gr.cm 3) 


Average a 5.4 = 0.15 = 
| sO B5m5 0.24 Be NP 
2 14.3 45.4 0.28 4.00 
Soi 3 12.4 20.8 OES 1.86 
4 14.5 36.3 OR22: 3).6 1S) 
5 OFS 0.04 Orn 0.04 
6 Bie. 9.8 OS 0.88 
Average = 10.0 S 0.19 = 
| leS 20 Ornlk2 Os ine 
2 jo 0) 10.6 0.19 Ong5 
3 9.8 20.9 (On tS) 1.86 
4 od) 330 0.16 5720) 
Spe 5 15.210 318 Ong 2.85 
6 28 4.8 ORS 0.42 
7 350) Bl OS 0.45 
8 6.5 oS 0.16 1.04 
9 Chet Sal Ons O29 
Average = = 0.16 - 


ae 4 Poe 
ime} @odlow tog? f t erete) wi ain 


— aa 


ot, % isa 

24 t cia 

10.0 ie 

02.9 & 

aS 6 11.0 _ 

a ee ee ee <i ee ie ee ee ee te 

a 2! 0 

} 02.0 

id 65.0 

a, 2.9 

* &t.0 

60 £1.90 


ag 0 i.0 8.8 ; 7 : 7 
2 SS = SS ee oe Se, Coe ee ae ee Ge oe elaainaitedeetaietietenietedestintadetaeton! — 


7 . a | - 0) : vA 


ae 


ate gt.8 ot eat 7? 

<4.0 &? 4 3.0! biz - £ 

oe. er e.0r Bie t 

hie A i.e Oz! as Re 

we. a) 8,42 2! 2 

ae a 3 er 
24,0 21.9 ' ‘O. 

ie. / a.8 6.4! a3 ee 
gt. tio i 2 Aus 2 

ae ee pte rte ee ee Re a em ee etc Se ye) ee one ee meee ee 


« a! a — 


a 


253 


APPENDIX D3. Snow Survey Data for March 15, 1952. 


(Bulk Sampling Method) 
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APPENDIX E. Wind Data for Brooks AHRC: 1981-1982 
Winter Season. 


(Use in conjunction with Figure 4.26 (a-c)) 


(a) 


Frequency Percentage of Dominant Wind Direction for 404 
Six-hour Intervals: December | to March 31 


N NE E SE S SW W NW calm 


Direction of Mean Highest Wind Speed during 97 
24-hour Intervals (km-hr7!): December | to March 3] 


N NE E SE Ss SW W NW calm 


Frequency Percentage of Prevailing Wind Direction during 
1981-1982 Snowfalls: November 17 to March 31 
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Appendix F: Weather Map for March 15, 1982. 


H high pressure 


L low pressure 


“Wr cold front 


“a warm front 
o 6 high temperature 


Jb fi precipitation 


Source: Environment Canada 


255 


APPENDIX G. Paired Slope Angle Measurements. 


(a) Claystone Slope Measurements 


Paired Difference Between Direction of 
Slope Angle of North-facing Angle of South-facing North and South Steeper Slope 
Number Slope (Degrees) Slope (Degrees) Slope Angles (Degrees) Component 
ee ee a ee a ee eee eee 
| ay, 47.5 Z0R5 S 
2 20 i 9 N 
3 26 S)a8) 35) S 
4 19 12 7 N 
5 10 18 8 S 
6 15 1 4 N 
7 Siao) 22 8.5 5 
8 28 2a | N 
9 4] 41.5 O65) S 
10 2375 2S) Do's s 
Hh 15 20 5 S 
EZ 16 8.5 oS N 
13 305 Sill ed S 
14 20 4O 20 S 
15 Bae 14 0.5 S 
16 27 34 7 s 
17 It 21 10 S 
18 19 30/5 Wiles S 
19 46 hg 3 iS 
20 42 Ey ab) On S 
21 35 5D 20 S 
22 B05) 72 eS S 
725} 4] i) 25 N 
24 29 47 18 S 
25 43 28 15 N 
26 BN 20 W555 N 
27 20 12 8 N 
28 2 WoS ORS N 
29 27 32 5 Ss 
30 25 34 9 S 
Cont 
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Con’t claystone slopes 


Paired Difference Between Direction of 
Slope Angle of North-facing Angle of South-facing North and South Steeper Slope 
Number Slope (Degrees) Slope (Degrees) Slope Angles (Degrees) Component 


i 


31 2) 2) 0 = 
32 42 39 3 N 
33 3] 4] 10 S 
34 69 46 23 N 
35 14 ny) 13 S 
36 23 30 7 S 
37 32 38 6 S 
38 ) 22 13 S 
39 32 27 5 N 
4O 26 2g 3 Ss 
4 | 21.5 30 8.5 S 
42 40 37 3 N 
43 29 37 8 S 
44 25 42 17 S 
4S 27 43 16 S 
46 26 32 6 S 
47 24 49 25 S 
48 27 38 1] S 
4g 24 21 3 N 
50 2S 33 8 S 
51 39 39 0 - 
52 43 64.5 21.5 S 
53 34 48 14 5 
54 34.5 31 305 N 
55 57 55 2 N 
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(b) Sandstone Slope Measurements 


Paired Difference Between Direction of 
Slope Angle of North-facing Angle of South-facing North and South Steeper Slope 
Number Slope (Degrees) Slope (Degrees) Slope Angles (Degrees) Component 
5 Oe ee ee ee ed ee ee enone ee ie ee ee 

re) 29 20 N 

2 18.5 39 Z0m5) S 

3 HES 36 Bon N 

4 Di 23 2 S 

5 51 38.5 Wess N 

6 28 2075 ee) N 

7 42 37 5 N 

8 39 4S 6 S 

S) 1505 67.5 8 N 

10 22 395 W755 S 

1 41.5 36.5 5 N 

12 32 35 3 s 

13 42 25 17 N 

14 16 3rd 765) N 

15 35 2 23 N 

16 V7 15 2 N 

7 26 Bi uh S 

18 26 25 | N 

19 53 4S 8 N 

20 28 32 . S 

2) 54 Bi Pedals N 

ap Bie 38 2365 S 

23 3) 4365 eS S 

24 7AM as) 26 4.5 S 

DS) 14 65 51 S 

26 49.5 39 10.5 N 

27 31.5 47 NS 5 S 

28 19 24 5 S 

ag 36 29 7 N 

30 31.5 35 Be S 
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Con*t sandstone slopes 


Paired Difference Between Direction of 
Slope Angle of North-facing Angle of South-facing North and South Steeper Slope 
Number Slope (Degrees) Slope (Degrees) Slope Angles (Degrees) Component 
3] 33 31 2 N 
32 21 14 7 N 
33 28 1 17 N 
34 ZN 55) 26 4s 5 
35 1 1] 0 = 
36 23 \7 6 N 
37 49 56 7 S 
38 25 5 20 N 
39 24 Wo: WS N 
40 29 33 4 S 
4] 21 34 13 5 
42 24 3] 7 S 
43 29 29 0 = 
4h 25} 23 0 = 
4S 21 3] 10 Ss 
46 Sy 22 15 N 
47 82 40.5 8.5 S 
48 25 9 6 N 
4g 26 48.5 225 Ss 
50 61 52 9 N 
51 16 22 6 Ss 
52 Zi 27 0 - 
53 3055 29 oes N 
54 1825 30.5 12 S 


39 35 35 0 - 
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